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Abstract 
Traffic and land use activities are the main sources of pollutants in urban areas and 
can generate significant pollutant loads. These pollutants are deposited on urban 
surfaces during dry periods and are washed-off into urban stormwater systems during 
rainfall events. Some of the pollutants transported by stormwater such as heavy 
metals (HMs) and polycyclic aromatic hydrocarbons (PAHs) are toxic and pose 
significant risks to human health. Previous research studies have confirmed that the 
presence of these pollutants in urban stormwater can exceed threshold values 
recommended in water quality guidelines. As stormwater reuse is becoming 
increasingly popular in order to relieve water shortages in urban areas, it highlights 
the essential need for managing the risk to human health from HMs and PAHs in 
urban stormwater runoff. 
The human health risk posed by HMs and PAHs formed the basis for the research 
study undertaken. Pollutant build-up samples were collected from a range of study 
sites with differing traffic and land use characteristics. Laboratory experiments were 
undertaken to determine the HM and PAH loads in build-up samples which were 
then converted to concentrations in stormwater runoff using stormwater quality and 
hydrologic model simulations. The data thus derived formed the basis for the 
development of mathematical models to estimate the concentrations of HMs and 
PAHs in stormwater as a function of traffic and land use. The analysis was extended 
to the creation of mathematical functions to quantitatively assess the risk to human 
health from HMs and PAHs in stormwater according to standard risk assessment 
procedure. These mathematical functions were then further refined to include 
qualitative factors of urban form and traffic characteristics using univariate and 
multivariate data analysis techniques. 
The study found that concentrations of HMs in stormwater show significant 
variability. Concentrations of PAHs in stormwater show less variability compared to 
HMs. Both, HMs and PAHs presents highest concentration in stormwater runoff 
from industrial areas while the lowest concentration was in stormwater runoff 
generated from natural areas. Stormwater from commercial areas contains higher 
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concentration of HMs than that from residential areas while the concentration of 
PAHs is similar for these two land use areas. 
Risk from HMs and PAHs was assessed using different approaches due to their 
different toxic mechanisms. The most significant toxic effects of PAHs in 
stormwater to human health are carcinogenic. Therefore, incremental lifetime cancer 
risk (ILCR) was used to calculate the cancer risk from PAHs. HMs are not 
potentially carcinogenic to humans through exposure to stormwater. Hence, hazard 
index (HI) was used to calculate risk to human health posed by HMs. Risk posed by 
HMs and PAHs in stormwater can be estimated as a function of traffic and land use 
related factors. It was found that the conventional thresholds of toxicity levels in the 
form of concentration of individual pollutants are inadequate to derive an accurate 
understanding of the overall risk posed by these toxic pollutants in stormwater runoff 
and should be upgraded to thresholds in HI and ILCR. Cr and heavy PAHs were 
observed to be the most toxic pollutants in stormwater even though they are at low 
concentration levels. 
Risk to human health from HMs and PAHs in stormwater generally increases with 
the increase in traffic volume. Although the risk associated with stormwater from 
industrial areas is generally higher than that from commercial and residential areas, 
conventional land use alone are not able to comprehensively explain the risk to 
human health from HMs and PAHs in stormwater. It was found that risk to human 
health from HMs and PAHs in stormwater is influenced by quantitative and 
qualitative parameters in relation to traffic and land use characteristics. Applicable 
quantitative parameters are daily traffic volume and percentage of land use areas 
while applicable qualitative parameters are urban form and traffic characteristics.  
Based on qualitative parameters, six urban forms were identified as the main urban 
form types influencing risk in relation to stormwater. Each type of urban form is 
associated with specific traffic characteristics. Based on urban form and the 
corresponding traffic characteristics of an area, risk to human health from HMs and 
PAHs in stormwater can be categorised at different levels of high, moderate and low 
risk level. The practical application of the research study outcomes is demonstrated 
in the context of the management of human health risk in relation to HMs and PAHs 
in stormwater. 
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Chapter 1: Introduction 
1.1 BACKGROUND 
Urbanisation is more likely to create adverse impacts on the urban water 
environment compared to natural land use. Over the last few decades, urban 
expansion has created significant changes in cities worldwide and brought significant 
benefits to people’s living standards and the economy. According to United Nations 
(2014), 54% of the global population lived in urban areas at 2014, which was an 
increase by 24% in urban population compared to 1950. However, urbanisation has 
also increased anthropogenic activities leading to the generation of a diversity of 
pollutant types and increase in pollutant loads. These pollutants are deposited on 
urban surfaces during the dry periods and are washed-off by stormwater runoff 
(Goonetilleke et al. 2005). 
Among the various anthropogenic activities, motor traffic activities and urban land 
use activities are the two main sources which generate large amounts of chemical 
pollutants. Some of the chemical pollutants such as heavy metals (HMs) and 
hydrocarbons are known to be toxic to people (Wong et al. 2007). As stormwater 
reuse within an urban area is becoming increasingly popular, the potential for 
increased exposure to toxic chemical pollutants by people can lead to enhanced risks 
to human health. 
Exposure to HMs leads to symptoms such as cancer, hypertension and kidney disease 
(Hu 2002). Whereas, PAHs are carcinogenic to skin, lungs and bladder (Mahler et al. 
2012) and thus the association between human cancer and PAHs has led to extensive 
research (Chen and Liao 2006). Due to the significantly adverse impacts of HMs and 
PAHs to human health, it is important to assess the risks posed by these pollutants 
for better management of stormwater quality. 
Risks posted by HMs and PAHs in stormwater can be related back to traffic and land 
use characteristics in urban areas due to their primary role as HM and PAH sources 
(Brown and Peake 2006). Land use primarily defines the types and amount of 
anthropogenic activities within a specific urban area while traffic characteristics vary 
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within and between land use areas creating diversity in HM and PAH loads and 
composition. In this context, it is important to develop reliable approaches to assess 
risks posed by increasing levels of HMs and PAHs in stormwater while defining 
relationships between risks and traffic and land use characteristics. This highlights 
the need to develop a comprehensive risk assessment framework for evaluating the 
risks posed by increasing levels of HMs and PAHs in urban stormwater resulting 
from increasing urbanisation and traffic and land use change. 
1.2 RESEARCH PROBLEM 
The degradation of urban stormwater quality leads to increasing concern about 
human health risks posed by HMs and PAHs in stormwater. Therefore, an effective 
management approach for mitigating the risks from these pollutants in stormwater is 
required. To be effective, such a management approach requires an accurate 
assessment of the risks, and thereby a reliable risk assessment approach for 
estimating the risks posed by HMs and PAHs in stormwater. As traffic and land use 
significantly impact the risks posed by HMs and PAHs in stormwater, the risk 
assessment approach can be based on traffic and land use characteristics. However, 
the current knowledge is limited in relation to the risks posed by HMs and PAHs in 
stormwater resulting from traffic and land use activities. This knowledge gap 
constrains the reliable assessment and management of human health risks posed by 
HMs and PAHs in stormwater. 
The research problem can be presented as the lack of understanding of human health 
risks from HMs and PAHs in stormwater and linkage of the risks to traffic and land 
use characteristics. To identify these relationships, a modelling approach is required 
for assessing the human health risk from traffic and land use. This requires the in-
depth investigation of the role of influential traffic and land use characteristics on 
human health risk. 
1.3 RESEARCH HYPOTHESIS 
This research study is based on the hypothesis that risk to human health from HMs 
and PAHs in stormwater from an unit urban area can be expressed as a mathematical 
function of the inherent traffic and land use characteristics around the urban area. 
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This is attributed to the fact that risk of pollutants in urban stormwater is influenced 
by a range of traffic and land use characteristics. 
1.4 RESEARCH AIMS AND OBJECTIVE 
The primary objective of this research project was to investigate risks posed by HMs 
and PAHs in stormwater due to traffic and land use characteristics leading to the 
creation of new knowledge for reliable human health risk assessment of HMs and 
PAHs in stormwater. 
In order to achieve the objective, two aims were identified for this project. They are: 
 To evaluate the risks to human health posed by multiple HMs and PAHs 
present in urban stormwater; 
 To relate this risk from HMs and PAHs to traffic and land use characteristics 
of the urban environment. 
1.5 RESEARCH SCOPE 
The scope of the research project is as follows: 
 This research study focused on the assessment of the risks posed by HMs and 
PAHs in stormwater. Pollutants such as microorganisms and other forms of 
hydrocarbons were not taken into consideration. 
 The research only focused on human health risks. Ecological health risks 
were not assessed due to the different toxicity mechanisms of toxicants in 
different organisms. 
 The study area was confined to the Gold Coast region in Queensland, 
Australia. However, the study outcomes are generic characteristics which will 
allow the approach developed to be more broadly applied to other urban 
areas. 
 The study sites were selected based on a range of traffic volumes and land 
uses due to their significant influence on urban stormwater pollution. 
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1.6 SIGNIFICANCE 
Due to increasing urbanisation, people are more likely to come into increasing 
contact with stormwater. Consequently, toxic chemical pollutants such as HMs and 
PAHs in urban stormwater will have higher likelihood to induce risks to human 
health. Therefore, the management of risks posed by these toxic pollutants is 
essential. Risk assessment is a key component in risk management procedures. 
However, currently a robust approach does not exist for assessing risks to human 
health from HMs and PAHs in stormwater. 
This research project has developed a mathematical model for the estimation of 
human health risks from traffic generated HMs and PAHs in stormwater based on 
traffic, land use and urban form characteristics. The model created is expected to 
significantly contribute to improving the accuracy and efficiency of the assessment 
of risk due to toxic chemical pollutants in stormwater. Furthermore, though the 
research study specifically focused on HMs and PAHs, the innovative methodology 
created is versatile and could be applied to investigate the risks posed by any other 
urban stormwater pollutants. 
Furthermore, the risk assessment model created offers the capability to investigate 
cost-effective management options for the mitigation of human health risks from 
HMs and PAHs in stormwater. This model identifies the influence of urban form and 
traffic characteristics on risk. It provides clear understanding of the contribution of 
different types of urban form and traffic characteristics to human health risks. The 
approach provided can be used by decision-makers to design better strategies to 
improve the efficiency of urban planning and to minimise human health risks. 
1.7 OUTLINE OF THE THESIS 
This thesis consists of ten chapters. This chapter provides a brief introduction to the 
research project including research background, problem definition, aims and 
objective and significance of the research undertaken. Chapter 2 presents the 
outcomes from the critical review of research literature and the current state of 
knowledge in relation to the research area. Chapter 3 outlines the research 
methodology designed to achieve the research aims and objective. The field sample 
collection methodology and equipment and data analysis techniques used for the 
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research project are also detailed in this chapter. Chapter 4 discusses the study sites 
selection and the details of the sites selected for sampling in terms of the land use 
and traffic characteristics. Chapter 5 describes the procedures adopted for build-up 
sample collection, handling and laboratory testing for HMs, PAHs and other related 
parameters. Chapter 6 discusses the procedure adopted for the transformation of 
build-up pollutant loadings to pollutant concentrations in stormwater. Chapter 7 
establishes the initial risk assessment model created for assessing the human health 
risk posed by HMs and PAHs in stormwater based on traffic and land use 
characteristics. Chapter 8 analyses the influence exerted by quantitative and 
qualitative parameters on the risk from HMs and PAHs in stormwater and which 
underpinned the final mathematical model developed which was based on both 
quantitative and qualitative parameters. The practical application of the outcomes 
derived from this research project is discussed in Chapter 9. Finally, the key 
conclusions derived from the present project and the recommendations for further 
research studies are discussed in Chapter 10. 
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Chapter 2: Human Health Risk Related to 
Stormwater Pollution 
2.1 BACKGROUND 
With the increasing concern about water shortage, urban stormwater reuse attracts 
broad attention (Jenkins et al. 2012). Stormwater can be potentially reused to provide 
people with a water resource and recreational environment. Therefore, the presence 
of toxic pollutants in urban stormwater poses risks to human health. According to 
previous studies, untreated stormwater runoff often contains appreciable amounts of 
toxic pollutants such as heavy metals (HMs) and polycyclic aromatic hydrocarbons 
(PAHs) (Ball et al. 2000; Chiew et al. 1997). Thus, urban stormwater quality is a 
critical issue related to human health risk due to pollution. 
Urban stormwater quality can be affected by various anthropogenic activities arising 
from urbanisation. Urbanisation refers to the increasing movement of population to 
urban areas. This phenomenon has been witnessed since the middle of the last 
century and the population in urban areas has been increasing for decades. According 
to the United Nations (2014), currently more people reside in urban areas than rural 
areas in the world and the figure is predicted to keep growing until 2050. 
Particularly, the rate of population growth is high in developing countries compared 
to developed nations. For example, China is the largest developing country in the 
world and there were 17.9% of the Chinese population living in cities in 1978 and 
this percentage increased to 40.5% by 2003. This growth was twice as fast as the 
world average increase of 9.5% during the same period (Dawson et al. 2009; 
UNDESA 2011). This rapid urbanisation can be attributed to industrialisation and 
economic development (Chen 2007). People migrate from rural areas to metropolitan 
areas to achieve improved living standards and for better employment opportunities 
associated with industrialisation. 
Although the migration of people to cities can dramatically accelerate economic 
growth in a country, it can also create serious environmental problems, such as urban 
stormwater pollution (Goonetilleke et al. 2005). Due to potentially large populations 
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living in urban areas, human health risk resulting from urban stormwater pollution 
has been the focus of broad concerns (Schwarzenbach et al. 2010; Wu et al. 1999). 
In order to gain a better understanding of the human health risk posed by toxic 
chemical pollutants in urban stormwater, it is primarily important to gain knowledge 
on the sources of the pollutants and their physical and chemical properties when in 
stormwater. 
2.2 IMPACTS OF URBANISATION ON STORMWATER 
Urban stormwater is adversely affected due to urbanisation, both quantitatively and 
qualitatively. Quantitative and qualitative impacts of urbanisation on stormwater are 
discussed below. 
2.2.1 Quantitative Impacts 
The quantitative changes to stormwater due to urbanisation are illustrated in Figure 
2.1. As evident from Figure 2.1, the primary changes to stormwater runoff are 
increased stormwater runoff volume, reduced lag time to peak and increased runoff 
peak. The main reasons for the quantitative changes to stormwater runoff are due to 
relatively higher imperviousness and improved drainage networks. Imperviousness is 
a very important indicator in determining the impacts of urbanisation on stormwater 
systems (Lee and Heaney 2003). Impervious surfaces refer to the catchment areas 
that are covered by impenetrable materials such as roads, parking lots, sidewalks and 
rooftops (Schueler 1994).  
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Figure 2.1 Quantitative changes in stormwater after urbanisation 
(Adapted from Kibler 1982) 
The primary effect of impervious surfaces on the stormwater runoff regime is the 
decrease in the infiltration of stormwater during rainfall events (Arnold Jr and 
Gibbons 1996). Decreased infiltration results in increased runoff volume. Gaffield et 
al. (2003) have shown that with urban development, annual runoff volume can 
increase by 2 to 4 times in suburban impervious surfaces compared to previous un-
urbanised surfaces; and by up to 15 times in high density urban impervious surfaces 
compared to previous un-urbanised surfaces. Increased runoff volume has been 
shown to have significant adverse effects on urban environments such as increased 
frequency of flooding, greater pollutant load, and streambank erosion. For example, 
Bhaduri et al. (2000) investigated the impacts of imperviousness on stormwater 
runoff and noted a 50% greater annual pollutant loads from impervious areas in 
comparison to pervious areas. In addition to higher imperviousness, the improved 
drainage network also contributes to an increase in stormwater runoff volume (Hall 
and Ellis 1985; Kibler 1982). This is due to the high conveyance efficiency of the 
drainage network and thereby increasing the amount of stormwater being transmitted 
through the drainage system. 
Other important impacts of urbanisation on stormwater quantity are reduced lag time 
to peak and increased runoff peak. Lag time is defined as the time required for a rain 
 10 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 
drop to travel from the furthest part of the catchment to its outlet. Increased 
imperviousness contributes to more uniform ground slopes. The uniform slopes of 
catchment surfaces and improved drainage networks increase runoff velocity, leading 
to reduced lag time to peak and increased runoff peak of stormwater. The reduced 
time to peak has also been closely related to the frequency of occurrence of flooding 
(Huang et al. 2008). Increased peak flow rate is one of the most critical influences of 
urbanisation on stormwater runoff. Epsey et al. (1969) noted that peak flow rate in an 
urban area can be as high as two to four times to that in a similar natural or well 
vegetated area. Based on the discussion above, the reasons for the quantitative 
impacts of stormwater are illustrated in Figure 2.2. 
 
Figure 2.2 Reasons for the quantitative impacts of stormwater 
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2.2.2 Qualitative Impacts 
Urbanisation also affects the quality of urban stormwater. The quality of urban 
stormwater can undergo physical, chemical, and biological changes due to 
urbanisation (Zoppou 2001). The degradation of stormwater quality mainly arises 
due to two reasons. One is the expansion of impervious surfaces and the other is the 
increase in anthropogenic activities. 
Impervious Surfaces 
Although impervious surfaces do not generate pollution directly, there are apparent 
links between imperviousness and stormwater pollution (Arnold Jr and Gibbons 
1996). Firstly, abrasion of impervious surfaces contributes significant amounts of 
pollutants to stormwater systems (Oberts and Council 1994). For example, road 
surfaces are among the primary types of impervious surfaces in urban areas. 
Abrasion of asphalt road surfaces contributes solids to stormwater runoff. Secondly, 
impervious surfaces provide an efficient system for the collection and conveyance of 
pollutants to stormwater (Brabec 2002; Goonetilleke et al. 2005; Hatt et al. 2004). 
Anthropogenic Activities 
Anthropogenic activities have been identified as a primary pollutant source to urban 
stormwater and the degradation of stormwater quality (Goonetilleke et al. 2005; 
Tsihrintzis and Hamid 1997). Anthropogenic activities can be broadly categorised as 
traffic related activities and land use related activities (Ball et al. 2000; Tsihrintzis 
and Hamid 1997).  
Traffic activities are considered as a primary source of toxic chemical pollutants that 
can exert adverse impacts on humans. Traffic related sources such as vehicle exhaust 
and abrasion related emissions can generate a large amount of pollutants. These 
pollutants are commonly associated with fine particles and deposited on road 
surfaces (Gunawardena 2012). Fine particles are more easily dislodged during 
rainfall events and incorporated into stormwater. 
As different anthropogenic activities are present in different urban land use areas, 
land use is another critical parameter in the investigation of urban stormwater 
quality. Three land uses, namely, industrial, residential and commercial are the most 
common land use categories in urban areas. A range of industrial activities are a 
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primary source of pollutants in industrial land use areas. For example, electroplating 
can generate significant amounts of HMs (Gavrilescu 2004). Residential activities 
contribute high content of organic pollutants to the environment. For example, 
fertilisers and insecticides used for gardening contain abundant hydrocarbons and 
organic matter which can be deposited on road surfaces in residential areas (Semple 
et al. 2001). The primary commercial activities that can generate pollutants such as 
HMs and hydrocarbons are vehicle related activities such as car service and petrol 
stations (Jianshu and Ling 2007). 
2.3 PRIMARY STORMWATER POLLUTANTS 
Urban stormwater runoff from road surfaces contains significant amounts of 
pollutants such as: 
 Sediments and suspended solids (Shaheen 1975); 
 Heavy metals (Legret and Pagotto 1999); 
 Polycyclic aromatic hydrocarbons (Shinya et al. 2000); 
 Organic carbon (Kalaiarasan et al. 2009); 
 Nutrients (Bratieres et al. 2008). 
2.3.1 Sediments and Suspended Solids 
Particulates transported with stormwater are considered as sediments and suspended 
solids. Particulates smaller than 150µm in diameter tend to be suspended in water for 
long periods, while solids lager than 150µm settle rapidly (Andral et al. 1999). Once 
such particulates enter receiving waters, they exert direct and indirect influences on 
the water body. There influences can be in terms of physical, chemical and biological 
impacts (Sartor and Boyd 1972). The direct exposure of aquatic organisms to 
sediments and suspended solids can lead to damage to organs and clogging of 
respiratory ducts, feeding and digestive systems and benthic organisms can be buried 
by sediments. In terms of indirect influences, significant concentrations of suspended 
solids can prevent sunlight penetration through water bodies, which reduces the 
photosynthesis rate in the water. Therefore, the ecological balance in the water will 
be adversely affected due to reduced photosynthesis.  
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Suspended solids are also considered as a conveyance agent of other pollutants to 
stormwater. Therefore, it is not only sediments and suspended solids themselves, but 
also various adsorbed pollutants on particulates that have detrimental impacts on 
stormwater. Especially adsorbed hazardous chemical pollutants such as HMs and 
PAHs are of critical importance (Ellis et al. 1987; Legret and Pagotto 1999). 
As adsorption is a dominant mechanism for association of pollutants with 
particulates, it is necessary to identify the predominant influential parameters on this 
process (Apak et al. 1998). Adsorption can be characterised as the accumulation of 
substances or materials at the interface between the solid surface and solution 
(Gunawardana 2011). The adsorption process can be influenced by particle size, 
mineralogical content, organic matter content and pH. 
Influence of Particle Size 
Finer particles have higher loading of adsorbed pollutants due to increased specific 
surface area (SSA). SSA is measured as the surface area per unit mass, assuming a 
constant particle density, and expressed as m
2
/g (Filep et al. 1999; White 2006). 
Particles with greater SSA can provide more opportunity for solids to interact with 
pollutants and thus, finer particles can have a higher content of HMs and PAHs. For 
instance, Gunawardena et al. (2012) found that over 70% of road dust were smaller 
than 150µm in diameter while containing 60% of HMs. Herngren et al. (2010) 
investigated the distribution of PAHs with different sizes of particles and they found 
that fine particles in the 0.45-75µm range had the highest PAH content. 
Mineralogical Content 
Road deposited solids contain large amount of mineralogical compounds. 
Mineralogical compounds have significant influence on physical and chemical 
properties of solids. Clay forming minerals are one type of mineralogical compounds 
and their content is higher in finer particles than in coarser particles. High content of 
clay forming minerals in fine particles has been identified as a primary influential 
parameter in the adsorption of HMs (Gunawardana et al. 2014). This is attributed to 
the fact that clay forming minerals are able to increase the SSA of solids and the 
effective cation exchange capacity (ECEC) which determines the capacity of the 
solids to retain metal cations (Bhattacharyya and Gupta 2008). 
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Organic Matter Content 
Organic matter in stormwater is usually bound to solids (Walker and Hurl 2002) and 
it can enhance the adsorption of HMs by providing binding sites for metal cations 
(Bradl 2004). PAHs are also strongly associated with solids in the presence of high 
organic carbon content (Clark and Pitt 2012) and the proportion of organic matter 
content present increases with the decrease in the average particle size of solids 
(Herngren et al. 2006). This further confirms that HMs and PAHs tend to be 
adsorbed by fine particles. 
pH 
Adsorption ability also varies with pH of the solution (Msaky and Calvet 1990). At 
low pH, hydrogen ions compete with metal cation for adsorption to solids surface 
and thereby the amount of HMs adsorbed to solids is very small. This can cause HMs 
to dissolve and become more bio-available to aquatic organisms (Hall and Anderson 
1988; Janssen et al. 2003; Pitt et al. 1995). With increase in pH, the concentration of 
hydroxyl ions increase which leads to more negative surface charges on the particles 
(Naidu et al. 1994) and thereby larger amounts of metal cations are adsorbed to 
particle surfaces. 
Based on the discussion above, it can be concluded that the adsorption capacity is 
high for small particles, with high SSA, having high clay forming mineral content 
and high organic matter content and in media with low pH. 
2.3.2 Heavy Metals 
Urban stormwater runoff contains significant amounts of HMs (Brown and Peake 
2006; Chiew et al. 1997). The most common HMs in urban stormwater runoff 
include aluminium (Al), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lead 
(Pb), manganese (Mn), nickel (Ni) and zinc (Zn). 
The concentrations of HMs in urban stormwater vary with urban traffic and land use 
characteristics. Urbanisation can result in high traffic volume and frequent traffic 
congestion. These various traffic characteristics can generate significant HM loads. 
For example, frequent braking due to traffic congestion can generate various HMs 
such as Cr, Cu, Fe, Zn and Al (Bukowiecki et al. 2009). Land use also has influence 
on the HM load in stormwater. For example, commercial areas are generally 
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constructed with many traffic lights and crossings which result in more frequent 
braking and consequently HM are present in higher concentrations (Pitt et al. 1995). 
In addition, different kinds of vehicles are dominant within different land uses. In 
industrial areas trucks are more prominent while commercial and residential areas 
can mostly contain cars. Different fuels used in trucks and cars generate different 
kinds and loadings of pollutants due to exhaust emissions. For example, HMs from 
petroleum combustion in cars generate high loadings of Cd and mercury (Hg) while 
diesel combustion in trucks leads to high emission of Cr, Cu, Ni, Pb and Zn (Pulles et 
al. 2012). 
HMs are of great concern in urban stormwater since they are significantly toxic and 
not degraded in the environment (Sansalone and Buchberger 1997). They have 
adverse impacts on people coming in contact with polluted water (Makepeace et al. 
1995). In terms of toxic effects to human health, HMs can be divided into non-
carcinogenic HMs such as Al, Cu, Mn, Pb, Zn and Fe and carcinogenic HMs such as 
Cd, Cr and Ni (Ferreira-Baptista and De Miguel 2005; IRIS 2015). Exposure of 
people to HMs has the potential to cause damage to kidneys, skeleton, nervous 
system, intestines and stomach (Järup 2003). 
2.3.3 Polycyclic Aromatic Hydrocarbons 
PAHs are a large group of organic compounds made up of carbon and hydrogen 
atoms grouped into at least two fused benzene rings in different configurations 
(Gayen and Sinha 2013). They can be divided into two categories: low molecular 
weight compounds containing up to four rings; and high molecular weight 
compounds containing more than four rings (Mafra et al. 2010). PAHs have been 
identified as major toxic pollutants in urban stormwater (Pitt et al. 1995). They are 
extremely carcinogenic to human health (Petry et al. 1996). USEPA (1984) identified 
16 PAHs (Table 2.1) as priority pollutants due to their toxicity, especially 
carcinogenic properties, potential to human exposure and prevalence in the urban 
environment. PAHs are highly hydrophobic and their aqueous solubility decreases 
with increasing number of rings (Wu et al. 2013). Consequently, PAHs are liable to 
associate with particulates in aqueous environment rather than being soluble in 
water. 
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Table 2.1 The 16 priority PAHs identified by USEPA (1984) 
PAHs Abbreviation Number of Benzene Rings 
Acenaphthene ACY 3 
Acenaphthylene ACE 3 
Anthracene ANT 3 
Benzo[a]anthracene B[a]A 4 
Benzo[a]pyrene B[a]P 5 
Benzo[b]fluoranthene B[b]F 5 
Benzo[ghi]perylene B[g]P 6 
Benzo[k]fluoranthene B[k]F 5 
Chrysene CHR 4 
Dibenzo[a,h]anthracene D[a]A 5 
Fluoranthene FLA 4 
Fluorene FLU 3 
Indeno[1,2,3-cd]pyrene IND 6 
Naphthalene NAP 2 
Phenanthrene PHE 3 
Pyrene PYR 4 
 
Traffic is a dominant source of PAHs on urban road surfaces. The two primary 
causes are vehicle exhaust and abrasion of road surfaces. Thus higher loadings of 
PAHs can be attributed to higher traffic volumes (Krein and Schorer 2000; Takada et 
al. 1990). Traffic characteristics affect not only the loadings of PAHs, but also the 
species composition. For example, heavy-duty diesel vehicles are the primary source 
of lighter PAHs while light-duty gasoline vehicles are the major source of PAHs with 
heavy molecular mass (Gunawardena et al. 2012; Miguel et al. 1998). 
In addition to traffic volume, urban land use characteristics also have an impact on 
the concentration of PAHs in stormwater runoff. Hoffman et al. (1984) investigated 
the loading of individual PAHs and they found that industrial and highway areas 
contribute comparatively larger amounts of PAHs to urban stormwater runoff than 
residential and commercial areas. This is due to the nature of industrial activities, 
relatively greater abrasion and higher automobile emissions. 
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2.3.4 Organic Carbon 
Organic carbon (OC) are oxygen demanding compounds. Therefore, the existence of 
excessive OC in stormwater can reduce the dissolved oxygen in the water due to 
microbial oxidation (Pedersen and Calvert 1990). Additionally, the most adverse 
impact of OC on stormwater pollution is that it enhances the adsorption of HMs and 
PAHs to solids which increases pollutant concentrations in stormwater. 
Traffic related sources of OC mainly include vehicle exhaust, road surface abrasion 
and tyre wear (Schauer et al. 1996). Additionally, organic matter from surrounding 
vegetation such as plant debris also contributes significant pollutants to road dust. 
This vegetation can be transported by air turbulence due to traffic and wind and 
washed-off with stormwater runoff. 
2.3.5 Nutrients 
The most common nutrients in stormwater runoff are nitrogen and phosphorous (Liu 
2011). The most adverse impact of the presence of excessive nitrogen and 
phosphorous in receiving water is eutrophication. Eutrophication is the over 
enrichment of receiving waters with mineral nutrients (Correll 1998). Eutrophication 
can result in the presence of a large quantity of autotrophs such as algae and 
cyanobacteria. This will result in high production of bacteria leading to reduced 
oxygen content in water. The low dissolved oxygen causes the loss of other aquatic 
organisms and decreased biodiversity in receiving waters (Carpenter et al. 1998). 
2.4 POLLUTANT SOURCES 
As noted in Section 2.3, HMs and PAHs are the two primary toxic chemical 
pollutants in urban stormwater runoff. In order to investigate the properties and 
manage the toxicity imposed by HMs and PAHs, acquisition of knowledge on the 
sources of HMs and PAHs accumulated on road surfaces is essential. Additionally, 
HMs and PAHs are commonly adsorbed to solids and the solid characteristics such 
as mineralogical composition and organic matter have a significant influence on the 
adsorption processes (Gunawardana et al. 2014). Therefore, the sources related to 
solids, mineral content and organic matter also need to be taken into consideration.  
There are numerous sources of pollutants in the urban environment that contribute 
pollutants to urban stormwater. Road surfaces have been identified as a critical 
 18 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 
source area contributing large amounts of pollutants to urban stormwater (Sartor and 
Boyd 1972). The primary pollutant sources are: 
 Traffic related activities; 
 Industrial, commercial and residential activities; 
 Construction and demolition activities; 
 Soil erosion. 
2.4.1 Traffic Related Activities 
Traffic generated pollutants can be directly emitted by motor vehicles or indirectly 
generated by processes such as road surface abrasion, soil and debris suspension 
resulting from traffic induced turbulence. Both direct and indirect sources generate 
large amount of pollutants which are commonly deposit on road surfaces (Brown and 
Peake 2006). The sources of common pollutants generated by traffic are listed in 
Table 2.2. 
Table 2.2 Sources of common pollutants on road surfaces related to traffic 
activities 
(Adapted from Sansalone and Buchberger 1997) 
Pollutants Sources 
Solids Vehicle exhaust, brake wear, tyre wear, abrasion of road surfaces 
Aluminium Brake lining wear, tyre wear 
Cadmium Tyre wear, brake wear 
Chromium Brake wear 
Copper Brake wear, tyre wear 
Iron Brake lining wear, automobile rust and vehicle exhaust 
Lead Wear of car body 
Manganese Tyre wear, break-down of body parts 
Nickel Vehicle exhaust, tyre wear 
Zinc Tyre wear, brake wear 
PAHs Vehicle exhaust, pavement abrasion 
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A. Direct Source of Motor Vehicles 
Although the fraction of pollutants directly emitted by vehicles is small compared to 
total load present on road surfaces, this fraction is notably toxic (Shaheen 1975). The 
direct traffic related sources of HMs and PAHs primarily include brake wear, tyre 
wear, vehicle wear and vehicle exhaust (Wei and Yang 2010). 
Brake wear 
Brake wear generates metals such as Cr, Cu, Fe, Zn and Al (Adachi and Tainosho 
2004; Amato et al. 2009; Davis et al. 2001; Thorpe and Harrison 2008a). Areas close 
to road features such as parking lots, pedestrian crossings result in frequent braking. 
Therefore, HMs originating mainly from brake wear can show high concentrations in 
these areas. 
Tyre wear 
Tyre wear is another important source of HMs, and generated from tyre abrasion 
with road surfaces. HMs such as Mn, Cd, Zn and Al are used for tyre production and 
thus a large fractions of these metals are present in tyre wear particles (Hjortenkrans 
et al. 2007; Legret and Pagotto 1999). For instance, Zn is used as filler in the tyre 
treads and Mn is composited in the steel alloys in tyre treads. 
Vehicle wear 
Vehicle wear refers to the material generated due to collision and friction between 
moving parts of the vehicle including engine wear and thrust bearing wear (Al-
Khashman 2007). Vehicle wear is identified as a major source of Cu, Zn and Ni 
associated with road dust since they are the main components used for the production 
of surfaces of metallic parts (Charlesworth and Lees 1999; Lakshminarayanan and 
Nayak 2011). 
Vehicle exhaust 
Vehicle exhaust contributes various pollutants to the urban environment including 
particulate matter, benzene, carbon monoxide, nitric oxide, PAHs and trace metals 
such as such as Cd, Cu, Pb and Ni (Luo et al. 2010; Rocher et al. 2004). Particulates 
generated from vehicle exhaust emissions are mostly in the fine particle size range 
compared to other vehicle related sources (Thorpe and Harrison 2008b). Therefore, 
 20 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 
most particles from exhaust emissions tend to be retained in the atmosphere 
relatively longer and then deposited on road surfaces via atmospheric deposition 
(Gunawardena et al. 2013). 
B. Indirect Source of Other Traffic Activities 
Indirect sources are responsible for generating a significant proportion of pollutant 
loads deposited on urban surfaces. The indirect sources mainly refer to the abrasion 
of street surfaces by moving vehicles. This is one of the important sources of solids 
and various hydrocarbons (Sartor and Boyd 1972). The generation of hydrocarbons 
from road surfaces is due to the decomposition of the aggregate materials which 
constitute the surface. For example, asphalt road surfaces consist of bitumen which 
contain significant amounts of aliphatic and aromatic hydrocarbons and HMs 
(Thorpe and Harrison 2008a). When asphalt road surfaces are abraded by vehicles, 
these compounds tend to separate from the surface and remain on the road surface as 
particles. The generation rates of these pollutants are hastened by many factors 
including the age of the road surface, its condition, climate, materials used in 
construction and maintenance and moisture level. Older road surfaces and those in 
poor condition are more likely to be abraded easily by moving vehicles, whist cold 
climates and low air temperature leads to less elasticity in the tyres and these factors 
increase the road surface wear (Ntziachristos and Boulter 2003). Water with minerals 
is considered as an abrasive material and therefore road surfaces are abraded easily at 
high moisture level. The wear rate of wet road surfaces is two to six times higher 
than dry road surfaces.(Räisänen et al. 2003). 
2.4.2 Industrial, Commercial and Residential Activities 
Major nonpoint sources within industrial sites are the loading and unloading of 
goods, heavy truck movements, industrial stacks of raw materials and products, 
industrial vents and various manufacturing operations (Liu et al. 2011). Pollutants 
originating from industrial sites mainly consist of solids, HMs, oxygen demanding 
materials and PAHs. For instance, fossil fuel is regularly used to produce energy and 
for industrial combustion processes in manufacturing, while incomplete fuel 
combustion generates significant PAH loads. The pollutants generated from 
industrial activities can deposit on road surfaces through atmospheric fallout, spills 
and transportation by wind and traffic (Sartor and Boyd 1972).  
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Due to frequent industrial activities, poor maintenance of street surfaces and low 
frequency of street sweeping, industrial areas can contribute high pollutant loadings 
to urban stormwater (Liu et al. 2011; Sartor et al. 1974; Tiefenthaler et al. 2008). For 
instance, Sartor et al. (1974) identified that industrial areas tend to contain higher 
concentration of HMs while commercial and residential areas have relatively lower 
concentrations. Similar outcomes were noted by Ren et al. (2003) and in their study 
of intensively industrialised areas with old and poorly built factories having the worst 
urban stormwater quality compared with other land uses. Hall and Anderson (1988) 
in their investigation of the toxicity of chemical pollutants in urban stormwater 
runoff, concluded that commercial and industrial areas contribute the largest 
percentage of toxic pollutants to stormwater. 
Commercial activities such as shopping centres, parking lots, vehicle maintenance 
centres and gas stations can generate high loadings of PAHs and trace metals due to 
the nature of their operations and the traffic volumes generated (Parra et al. 2006). 
Residential activities include use of household chemicals, lawn and gardening 
activities, disposal of pet wastes and activities that generate trash (USEPA 2005b). 
Residential areas generally contribute the highest content of organic matter compared 
to industrial and commercial areas (Gunawardana et al. 2012). Organic matter 
content adhering to the solids surface is one of the most important chemical factors 
that govern the adsorption of HMs and PAHs to particulates. As noted by Tang et al. 
(2005), soil organic carbon is a key parameter influencing the concentration of PAHs 
in the soil. 
2.4.3 Construction and Demolition Activities 
Construction and demolition activities in urban land development have been 
identified as one of the major nonpoint sources of urban stormwater pollution 
(USEPA 1987b). During construction activities, soil layers are disturbed and the 
loosened solids are subjected to wash-off during rainfall events and removal by wind. 
In addition, the demolition of buildings also generates large amounts of solids. 
Consequently, construction and demolition activities are a major source of solids to 
the urban environment. It has been identified that loads of solids originating from 
construction and demolition sites in urban areas are hundreds of times larger than 
that from rural areas (Wolman 1967). Besides, construction materials such as 
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petroleum products, various solvents and acids absorbed to solids are also 
incorporated in stormwater runoff (Marsh 1993). Hence construction and demolition 
sites are capable of creating serious urban stormwater pollution (Hoffman et al. 1984; 
Sartor et al. 1974; Sonzogni et al. 1980). 
2.4.4 Soil Erosion 
Urban pervious surfaces, derelict lands and construction and demolition sites are 
liable to be subject to erosion and to generate a relatively large quantity of solids to 
urban stormwater runoff (Novotny et al. 1985). Soil erosion also contributes a large 
amount of mineral content to the solids deposited on road surfaces. Gunawardana et 
al. (2012) noted that the mineral components derived from soil are the main 
composition in the solids on road surfaces. Furthermore, Gunawardana et al. (2012) 
also noted that surrounding soil erosion was a primary source of Fe, Al and Mn to 
road dust.  
Increased soil loss is mainly attributed to reduced vegetation coverage in urban areas 
(Line et al. 1998). The lowest soil erosion rate is within lands cultivated with plants 
which have a high soil surface cover. The soil erosion rate also depends on the 
ground slope, rainfall characteristics such as intensity and duration and other climatic 
conditions such as wind velocity. 
2.5 PRIMARY POLLUTANT PROCESSES 
Pollutant processes are closely related to pollutant accumulation and transport. 
According to past research, the primary processes that pollutants undergo can be 
termed as build-up and wash-off (Chiew et al. 1997). 
2.5.1 Build-up 
Build-up is the accumulation of pollutants on impervious surfaces during dry periods 
(Chiew et al. 1997; Duncan 1995; Vaze and Chiew 2002). It is a dynamic process 
where pollutants are constantly re-distributed due to wind turbulence and traffic 
factors (Chiew et al. 1997; Egodawatta and Goonetilleke 2006; Namdeo et al. 1999). 
Based on previous studies, the three most important subject areas in relation to build-
up process are as follows: 
 factors influencing pollutant build-up; 
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 particle size distribution; 
 build-up modelling. 
A. Influential factors in build-up 
Pollutant build-up is mainly influenced by anthropogenic factors such as traffic 
characteristics, land use and street sweeping practices and natural factors such as 
climate characteristics (Ball et al. 1998; Egodawatta and Goonetilleke 2006; Namdeo 
et al. 1999). 
Influence of Traffic Characteristics 
Traffic volume has been identified as an important factor for traffic related pollutant 
generation. At urban sites, the highest loadings of pollutants in stormwater runoff 
occur in areas undergoing the most intensive traffic activities (Barrett et al. 1998). 
For example, Egodawatta and Goonetilleke (2006) investigated the characteristics of 
pollutant build-up on three residential roads and found that the build-up of pollutants 
on one road was much higher than others due to relatively higher traffic volume on 
that road. Mahbub et al. (2011) investigated the impacts of traffic characteristics 
including average daily traffic (ADT) and volume over capacity ratio (V/C) on HM 
build-up on road surfaces. In their study, the researchers found that increased V/C 
contributes to relatively high HM build-up loadings, while the increase due to the 
increase in ADT is relatively less. This conclusion signifies that the accumulation of 
HMs is primarily due to traffic congestion rather than the number of vehicles 
travelling on a particular road. 
Moving vehicles can re-distribute particulates accumulated on surfaces and leading 
to increased levels of pollution. Namdeo et al. (1999) noted that high traffic volumes 
and hence increased traffic induced turbulence mobilises more coarse particles from 
road surfaces and tyre wear contributes to higher coarse particle loadings. However, 
they found that there was no relationship between traffic volume and fine particles 
load. The possible reason for this is the appreciably long residence time of fine 
particles in the atmosphere and consequently, the fine particles are less susceptible to 
traffic turbulence on road surfaces (Adams et al. 2001). 
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Influence of Land Use 
Pollutant build-up rates are significantly dependent on land use. According to Sartor 
et al. (1974), pollutant accumulation rates in industrial areas are higher than that in 
residential or commercial areas (see Figure 2.3). This is attributed to the same 
reasons as mentioned in Section 2.4.2 which result in high loadings of pollutants. 
However, there exists significant variations in build-up rates even within the same 
land use due to specific catchment properties such as road surface conditions, traffic 
volume and surrounding land use (Egodawatta and Goonetilleke 2006; Liu et al. 
2011). For example, Egodawatta and Goonetilleke (2006) found that flatter roads 
with rougher surface texture can accelerate pollutant build-up rates. 
 
Figure 2.3 Accumulation of pollutants based on land use (Sartor et al. 1974) 
Influence of Street Sweeping Practices 
Sartor et al. (1974) found that street sweepers removed only 15% of the particles 
finer than 45µm and only 48% of the particles finer than 246µm. Similar findings 
were also noted in the study carried out by Pitt (1979), and the median particle size 
of road surfaces pollutants was found to increase between street sweeping. This 
indicated that general street sweeping is effective in the removal of large particles 
deposited on the road rather than fine particles which are associated with most 
pollutants. Moreover, street sweeping activities can disintegrate the large particles 
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into small particles leading to increased mobility and capacity to adsorb more 
pollutants (Vaze and Chiew 2002). Hence, conventional street sweeping can exert an 
adverse influence on stormwater quality. 
Influence of Climate Characteristics 
Important climate characteristics include two factors; antecedent dry period and wind 
induced turbulence. In general, the accumulation rate is the most rapid after a rainfall 
event and gradually becomes slow during the dry days that follow due to re-
suspension (Vaze and Chiew 2002). Furthermore, wind induced air turbulence also 
leads to the spread of pollutants (Ball et al. 1998). When the speed exceeds 20km/h, 
the wind can be considered as a factor in the re-suspension of solids on the road 
surfaces (Ball et al. 1998; Novotny et al. 1985). 
B. Particle Size Distribution 
Particle size dictates processes such as re-distribution and hence influences the 
amount of build-up solids and attached pollutants. As discussed in Section 2.3.1, 
smaller particles adsorb more pollutants compared to larger particles.  Therefore, 
finer particles can exert more risk to human health. 
C. Build-up Modelling 
Management of stormwater pollution relies on the estimation of the accumulated 
pollutants on road surfaces. Due to significant complexity inherent in the build-up 
process, modelling is an effective way to simulate this process. Many research 
studies have focused on the modelling of build-up of pollutants and many empirical 
equations have been developed (Borris et al. 2014; Li and Barrett 2008; Wicke et al. 
2012). Sartor and Boyd (1972) initially proposed an exponential function based on 
the assumption that pollutant accumulation is a function of antecedent dry days. 
Since then, the equation has been modified to various forms including linear, 
exponential, power, reciprocal and hyperbolic functions as shown in Equation 2.1 to 
2.5 (Arora and Reddy 2014; Ball et al. 1998; Gunawardena et al. 2014; Kim et al. 
2006). 
 Linear function: 𝑦 = 𝑎𝑥 + 𝑏 Equation 2.1 
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 Exponential function: 𝑦 = 𝑎𝑒𝑏𝑥 
Equation 2.2 
 Power function: 𝑦 = 𝑎𝑥𝑏 
Equation 2.3 
 Reciprocal function: 𝑦 = 𝑎 +
𝑏
𝑥
 
Equation 2.4 
 Hyperbolic function: 𝑦 =
𝑥
𝑎+𝑏𝑥
 
Equation 2.5 
where: 𝑦 – pollutant load in mg per meter of gutter; 
𝑥 – antecedent dry periods in days; 
𝑎, 𝑏 – coefficients; 
Egodawatta (2007) developed a power function to estimate build-up of solids on road 
surfaces as given by Equation 2.6. 
 𝑦 = 𝑚𝑖𝑛⁡(𝑐, 𝑎𝑥𝑏) Equation 2.6 
where: 𝑦 – pollutant load in mg per meter of gutter; 
𝑥 – antecedent dry periods in days; 
𝑎, 𝑏 – coefficients; 
𝑐 – the maximum build-up amounts of solids on road surfaces. 
Build up equation given in Equation 2.6 indicates that the accumulation rate of the 
solids is the highest in the first two dry days after a rainfall event and approaches a 
constant representing the maximum build-up amount for longer dry days. It has been 
noted that the coefficients, 𝑎  and 𝑏 , vary with different population densities and 
urban area characteristics such as land use, traffic volume and road surface 
conditions. This was further confirmed by an investigation into input parameters in 
the build-up equation undertaken by Liu (2010) using computer modelling. The 
study found that parameters calibrated for Australia were significantly different to 
value for other countries. This implies that the coefficients in the build-up equation 
are influenced by regional properties. 
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2.5.2 Wash-off 
Wash-off is the process where pollutants deposited on urban surfaces get mobilised 
during rainfall events. There are two critical subject areas related to the wash-off 
process: 
 factors influencing wash-off amount; 
 wash-off modelling. 
A. Influential Factors in Wash-off 
The amount of pollutants washed off by stormwater runoff can be influenced by 
various factors. The most influential factors are rainfall intensity and road surface 
characteristics (Chui 1997; Sartor et al. 1974). Egodawatta et al. (2007) noted that 
higher rainfall intensity leads to greater capacity to mobilise coarser particles from 
paved surfaces. This is due to the creation of high turbulence by the overland flow. 
Previous studies have also noted that the higher loadings of suspended solids in 
stormwater runoff are highly correlated with increasing runoff volume (Charbeneau 
and Barrett 1998; Deletic and Maksimovic 1998). The concentration of pollutants in 
stormwater runoff is correlated with road characteristics. For example, Sartor et al. 
(1974) noted that asphalt paved streets contribute more pollutants to stormwater than 
concrete streets. They also noted that streets in poor condition can contribute up to 
2.5 times greater quantity of pollutants to stormwater runoff compared to streets in 
good condition. 
B. Wash-off Modelling 
In order to replicate the wash-off process, a range of wash-off models have been 
developed. These models are generally based on two concepts, termed, source 
limiting (see Figure 2.4a) and transport limiting (see Figure 2.4b) as postulated by 
Vaze and Chiew (2002). The concept of source limiting is based on the assumption 
that road surface pollutants accumulate from zero at the start of the antecedent dry 
period and a major fraction of the pollutants are washed off by the subsequent 
rainfall event. Transport limiting refers to the situation where only a fraction of the 
pollutants are washed off during a storm event and pollutant loadings return back 
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quickly to the level before the rainfall event occurred over the subsequent antecedent 
dry period. 
 
Figure 2.4 Hypothetical representations of surface pollutant load over time 
(Vaze and Chiew 2002) 
Sartor et al. (1974) developed an exponential equation to estimate wash-off in the 
form of Equation 2.7. 
 𝐹𝑊 =
𝑊
𝑊0
= 1 − 𝑒−𝐾𝐼𝑡 Equation 2.7 
where: 𝐹𝑊 – fraction wash-off; 
𝑊 – weight of solids washed-off after time t; 
𝑊0 – initial weight of solids on road surfaces; 
𝐾 – wash-off coefficient; 
𝐼 – rainfall intensity. 
This model is based on the hypothesis that all of the deposited solids on a surface are 
washed-off if experiencing adequate rainfall. However, Egodawatta (2007) 
postulated that only a fraction of solids can be removed from the surfaces during a 
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specific rainfall event and accordingly a new parameter, capacity factor, was 
introduced as given below to modify the previous equation: 
 𝐹𝑊 =
𝑊
𝑊0
= 𝐶𝐹(1 − 𝑒
−𝐾𝐼𝑡) Equation 2.8 
where: 𝐶𝐹 – capacity factor.  
𝐶𝐹 is the recommended parameter to describe removal capacity of the rainfall event 
for wash-off. The value of 𝐶𝐹 ranges from 0 to 1 depending on the rainfall intensity. 
According to Egodawatta et al. (2007), 𝐶𝐹 varies linearly from 0 to 0.5 for rainfall 
intensity under 40mm/h. For rainfall intensity from 40mm/h to 90mm/h, 𝐶𝐹  is 
estimated as a constant 0.5. In cases where rainfall intensity is more than 90mm/h, 𝐶𝐹 
ranges from 0.5 to 1. 
2.6 RISK ASSESSMENT IN RELATION TO HMs AND PAHs 
In recent years, stormwater reuse is becoming increasingly popular to overcome 
water shortages (Hatt et al. 2007). It can be reclaimed and reused for ground water 
recharge, domestic use, agriculture, commercial and industrial use, potable water and 
recreation (Begum et al. 2008; Madison and Emond 2008). People come in direct 
contact with stormwater reused for drinking and recreation. 
The excessive concentration of HMs and PAHs in urban stormwater is a worldwide 
issue. For example, Birch et al. (2004) tested concentrations of trace metals in urban 
stormwater at the inflow point to a wetland in Sydney, Australia. According to their 
test results, the concentrations of Cr, Cu, Mn, Ni, Pb and Zn were 3.3 to 173 times 
above the guideline thresholds recommended by ANZECC (2000) for recreational 
use. Wang et al. (2013) analysed various pollutants in stormwater from an urban area 
in Chongqing, China and found that the mean concentration of Pb and Cd were 10 
times over the stipulated values in Chinese standards (MEP 2002) for drinking and 
recreational use of surface water. Herngren (2005) collected wash-off samples in a 
commercial area in Gold Coast, Australia and analysed the PAHs. It was found that 
concentrations of B[a]P ranged from 0.13 to 0.77ppm in different wash-off events 
which exceeded the drinking water guideline value provided by NHMRC&AWRC 
(2011) to a significant extent.  
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Excessive concentration of HMs and PAHs in stormwater can result in risks to 
human health. Therefore, the management of the risk posed by HMs and PAHs is 
essential in stormwater pollution management. Risk management refers to the 
coordinated activities to direct and control initiatives with regard to risk (AS/NZS 
2009). Risk assessment is an essential foundation of risk management. It is required 
to provide evidence-based information and analysis to enable informed decisions on 
how to manage specific risks and how to select between available options (BS 2010). 
A number of past research studies focused on risk assessment of HMs and PAHs in 
the environment (Chanpiwat et al. 2014; Han et al. 2006). However, there are limited 
investigations undertaken on risk assessment of HMs and PAHs in urban stormwater 
runoff. As toxic pollutants in stormwater have a significant potential to exert adverse 
impacts on human health, it is important to assess the risks associated with urban 
stormwater. 
2.6.1 General Concepts of Risk 
The term hazard refers to a biological, chemical, physical or radiological agent that 
has the potential to cause harm. Some chemical pollutants in stormwater can result in 
acute toxicity to organisms, thus, a single dose of these pollutants can have 
significant toxic effects on the organisms’ health. However, some pollutants do not 
result in any apparent harm to humans or the environment over a short time period, 
but can have health impacts over prolonged exposure. Consequently, chemical 
pollutants in water can lead to either acute or chronic health damage (Brinkel et al. 
2009; Funari and Testai 2008; Richardson et al. 2007; Vandenberg et al. 2007; Zabin 
et al. 2008). Such chemical pollutants that are hazardous to human health are 
considered as chemical hazards. 
Risk is generally defined as the combination of consequence of the event and the 
likelihood of occurrence (AS/NZS 2009). The damages or injuries because of 
chemical hazards are the consequences of the hazard, while its frequency of 
occurrence is called likelihood (Safety 2009). These two terms are the main 
components in defining risk. 
The risk of chemical hazards should be managed in order to reduce the chemical risk 
to humans and the environment. Assessment of risk from chemical hazards is an 
important pathway to risk management. Risk assessment refers to the process by 
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which the results of a risk analysis are used to enable decision making. It effectively 
helps to identify what the hazards are and to develop a better understanding of the 
consequences and likelihood of hazards. 
2.6.2 Risk Assessment Procedure 
There are four main steps in risk assessment as illustrated in Figure 2.5: 
 Step 1: hazard identification - the qualitative identification of whether the 
chemical in question is capable of causing toxicity; 
 Step 2: exposure assessment - determination of how humans and the 
environment are exposed to hazards and what the characteristics of the 
exposure are; 
 Step 3: dose-response assessment - identification of the relationship between 
the exposed dose and health impacts; 
 Step 4: risk characterisation - the synthesis of the hazard identification, 
exposure assessment and dose–response assessment into an overall 
characterisation of the risks (Khan 2010). 
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Figure 2.5 Risk Assessment model (Adapted from enHealth Council 2002) 
Step 1: Hazard Identification 
Hazard identification is the process of evaluating whether a chemical substance can 
exert adverse effects on humans. The evidence of causation also needs to be 
strengthened in this step. Based on the review of research literature undertaken 
above, HMs and PAHs are the two main toxic chemical pollutants attributable to 
traffic activities. 
Hazard Identification 
 Evaluating toxic effects of 
the hazards 
Exposure Assessment 
 Analysis of hazard locations 
 Identification of potential 
exposure pathways 
 Estimation of exposure 
concentration for pathways 
 Estimation of intakes for 
pathways 
Dose-response Assessment 
 Evaluating the relationship 
between the extent of 
exposure and the likelihood 
of occurrence of adverse 
health effects 
Risk Characterisation 
 Characterising potential adverse 
health effects to occur 
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Step 2: Exposure Assessment 
According to USEPA (1988), the term exposure is defined as the contact of an 
organism with a chemical or physical agent. Exposure assessment is the 
determination either quantitatively or qualitatively of the magnitude, frequency, 
routes and duration of the exposure. The objective of this step is to estimate the type 
and magnitude of exposure to chemicals that are present at a site. The result of 
exposure assessment needs to be combined with dose-response information to 
characterise risk. 
There are three steps included in exposure assessment. First, the physical 
environment of the site and potentially exposed people need to be characterised. 
Second, various exposure pathways need to be identified including the mechanism of 
how people may be exposed, points of possible contact with the toxicants and the 
routes of exposure such as ingestion, inhalation and dermal contact. Finally, 
exposure needs to be quantified by estimating exposure toxicant concentration and 
determining intake. The generic intake of toxicants is calculated by Equation 2.9. 
 𝐼𝑛𝑡𝑎𝑘𝑒⁡(𝑚𝑔/𝑘𝑔 ∙ 𝑑𝑎𝑦) =
𝐶 × 𝐶𝑅 × 𝐸𝐹 × 𝐸𝐷
𝐵𝑊
×
1
𝐴𝑇
 Equation 2.9 
where: 𝐶 – toxicant concentration (e.g. mg/L); 
𝐶𝑅 – contact rate; the amount of polluted medium contacted by people(e.g. 
L/day); 
𝐸𝐹 – exposure frequency; how often the exposure occurs (days/year); 
𝐸𝐷 – exposure duration; how long the exposure occurs (years); 
𝐵𝑊 – body weight; the averaged body weight over the exposure period (kg); 
𝐴𝑇 – averaging time; period over which exposure is averaged (days). 
Step 3: Dose-response Assessment 
Dose-response assessment is the process of evaluating the relationship between the 
extent of exposure and the likelihood of occurrence of adverse health effects. The 
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main objective of this step is to determine toxicity values for both carcinogenic and 
non-carcinogenic effects. 
Dose-response relationship can be specified for most toxic chemicals by a dose-
response curve. Figure 2.6 shows an example of a dose-response curve which 
describes the relationship between the received dose of chemical for an animal and 
the probability of response (i.e. death). It is shown that a dose below 30mg/kg 
recorded no deaths and this dose is called threshold dose. Toxicologists usually 
consider this threshold dose as either the highest dose below which no adverse 
effects are identifiable (i.e. the No Observed Adverse Effects Level or NOAEL) or 
the lowest dose above which adverse effects are identifiable (i.e. the Lowest 
Observed Adverse Effect Level or LOAEL). 
 
Figure 2.6 Example of a dose–response curve for a ‘threshold chemical’ 
contaminant (Khan 2010) 
In estimating non-carcinogenic effects, the NOAEL or LOAEL is commonly derived 
as a reference dose (RfD). RfD is the USEPA’s defined maximum acceptable toxic 
dose above which people are susceptible to the toxic substances. However, it has 
been assumed that threshold dose is not available for assessing the risk from 
carcinogenic chemical hazards and thereby cancer risk occurs once the carcinogens 
are taken in by an individual (Dourson et al. 2008; Howd and Fan 2007). 
In dose-response curves, the gradient of the curve is viewed as slope factor. Cancer 
slope factor (CSF) is customarily used with respect to the assessment of carcinogenic 
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effects. CSF is defined as an upper-bound estimate of the probability of a response 
per unit intake of a chemical over a lifetime. In terms of carcinogenic chemical 
pollutants, dose-response curves are assumed to be linear at low risk levels and 
therefore the gradient is constant (see Figure 2.7). Thus, CSF is specified in the unit 
of (mg.kg
-1
.day
-1
)
-1
. 
 
Figure 2.7 CSF for carcinogenic chemical pollutants 
Step 4: Risk Characterisation 
Risk characterisation is the final step in the risk assessment process and the objective 
is to integrate exposure assessment and toxicity into a quantitative or qualitative 
expression. It provides risk assessment results for risk managers to make decisions in 
relation to risk management. Therefore, risk characterisation is an important bridge 
between risk assessment and risk management. In most cases, risk characterisation 
usually takes both carcinogenic and non-carcinogenic effects of chemical hazards 
into consideration. 
Risk Quantification 
Potential carcinogenic effects are usually estimated for the lifetime of an individual 
as the incremental probability to suffer from cancer. This is defined as incremental 
lifetime cancer risk (ILCR) defined by USEPA (2005a). The role of CSF is to 
transfer the exposure level of an individual to carcinogens into the cancer risk for the 
individual during the lifetime. The values for CSF are dependent on the daily dose 
intake quantity of the carcinogens. As mentioned above, it is assumed that the dose-
response curves are linear at low risk levels (i.e. less than 0.01) and therefore in this 
case CSF is a constant. The risk is estimated by Equation 2.10. 
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 𝑅𝑖𝑠𝑘 = 𝐸 × 𝐶𝑆𝐹 Equation 2.10 
where: 𝐸 – exposure level (mg/kg·day); 
𝐶𝑆𝐹 – cancer slope factor ((mg/kg·day)-1) (USEPA 1989). 
Alternatively, in the situation where risk occurs at high levels (i.e. greater than 0.01) 
the linear relationship between dose and response is not valid and the risk needs to be 
evaluated by using the one-hit equation: 
 𝑅𝑖𝑠𝑘 = 1 − 𝑒𝑥𝑝⁡(−𝐶𝐷𝐼 × 𝐶𝑆𝐹) Equation 2.11 
where: CDI – chronic daily exposure level (mg/kg·day); 
𝐶𝑆𝐹 – cancer slope factor ((mg/kg·day)-1) (USEPA 1989). 
Potential non-carcinogenic effects are evaluated through comparison between 
exposure level of toxic substances during a specified time period and toxicity values 
such as RfD derived for the similar time period. The ratio of the comparison is called 
hazard quotient (HQ) and is expressed as given below: 
 𝐻𝑄 =
𝐸
𝑅𝑓𝐷
 Equation 2.12 
where: 𝐸 – exposure level (mg/kg·day); 
𝑅𝑓𝐷 – toxicity dose (mg/kg·day) (USEPA 1989). 
If exposure level is below the RfD (i.e. HQ<1), it is unlikely for people to experience 
adverse health effects. Otherwise, there should be concern for potential non-
carcinogenic effects through exposure to toxic substances. It is important to 
emphasise that different from carcinogenic effects estimation, estimation of potential 
non-carcinogenic effects does not use a probabilistic approach. For example, HQ = 
0.1 does not mean there is one in tenth chance to be affected adversely by the toxic 
substance. 
There are three exposure durations considered in relation to non-carcinogenic effects, 
namely, chronic, sub-chronic and short-term exposure. Chronic exposure refers to the 
exposure duration varying from seven years to lifetime. Sub-chronic exposure is 
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concerned when the exposure period ranging from two weeks up to seven years. 
Exposure with duration less than two weeks is classified as short-term exposure. It is 
essential to take the exposure duration into consideration when estimating non-
carcinogenic effects, as the RfD value varies significantly for different durations. 
Exposure level and RfD must be evaluated for the same exposure duration. 
Risk estimation of multiple substances 
Due to the fact that various toxic substances simultaneously exist in the environment, 
risk estimation for multiple substances can be different to that for an individual 
substance. USEPA (1989) assumed that the interaction between different carcinogens 
in the mixtures is independent. Thus, the total cancer risk is estimated by the 
summation of the risk for individual substances: 
 𝑅𝑖𝑠𝑘𝑇 =∑𝑅𝑖𝑠𝑘𝑖 Equation 2.13 
where: 𝑅𝑖𝑠𝑘𝑇 – total cancer risk; 
𝑅𝑖𝑠𝑘𝑖 – cancer risk estimated for i
th
 carcinogen (USEPA 1989). 
Risks less than 10
-6
 are usually considered as negligible while there may be 
significant concern if risks exceed 10
-4
. Risks that range between 10
-6
 and 10
-4
 are 
generally acceptable (USEPA 1989). 
Aggregation of non-carcinogenic effects from individual toxic substances is based on 
a hazard index (HI) approach. HI is the sum of different HQs for various toxicants 
and multiple exposure pathways. This approach also assumes that the action of one 
substance is independent on any other substance. Accordingly, HI is estimated using 
Equation 2.14. 
 𝐻𝐼 =∑𝐻𝑄𝑖 Equation 2.14 
where: 𝐻𝑄𝑖 – hazard quotient for the i
th
 substance (USEPA 1989). 
If HI exceeds unity, the potential toxic effects are of concern. Therefore, even if all 
the individual substances are below the corresponding RfD, there might be the 
possibility for the mixture to exert toxic effects. 
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2.6.3 Risk Assessment of PAH Mixtures 
The following three typical approaches have been investigated in previous research 
studies to assess cancer risks posed by PAHs (Jarvis et al. 2014): 
 benzo[a]pyrene as a surrogate marker 
 comparative potency approach 
 toxic equivalent factor approach 
A. Benzo[a]pyrene as a Surrogate Marker 
B[a]P is one of the most potent PAHs which exert cancer risk to humans (EFSA 
2008). Therefore, B[a]P is selected to serve as a surrogate marker of occurrence and 
to assess the toxic effect of the carcinogenic PAH mixtures. This method assumes 
that the composition of PAH mixtures is stable in different exposure scenarios. 
However, it is clear that the relative PAH concentration is not always the same in 
various PAH mixtures existing in the environment. Due to this limitation, this 
approach is unreliable for human health risk assessment. 
B. Comparative Potency Approach 
Comparative potency method assesses the risk posed by the PAH mixture by 
primarily specifying the source of the PAH pollutants. Then a thoroughly 
investigated source-specified PAH mixture which has known epidemiological and 
biological data is selected as a reference. The predicted risk of PAH mixture is 
expressed according to the following equations: 
𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑⁡𝑟𝑖𝑠𝑘 = 𝑟𝑒𝑓𝑒𝑟𝑟𝑒𝑑⁡𝑑𝑎𝑡𝑎 × ⁡𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒⁡𝑏𝑖𝑜𝑎𝑠𝑠𝑎𝑦⁡𝑝𝑜𝑡𝑒𝑛𝑐𝑦 
  Equation 2.15 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒⁡𝑏𝑖𝑜𝑎𝑠𝑠𝑎𝑦⁡𝑝𝑜𝑡𝑒𝑛𝑐𝑦 =
𝑏𝑖𝑜𝑎𝑠𝑠𝑎𝑦⁡𝑝𝑜𝑡𝑒𝑛𝑐𝑦⁡𝑜𝑓⁡𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑⁡𝑃𝐴𝐻
𝑏𝑖𝑜𝑎𝑠𝑠𝑎𝑦⁡𝑝𝑜𝑡𝑒𝑛𝑐𝑦⁡𝑜𝑓⁡𝑟𝑒𝑓𝑒𝑟𝑟𝑒𝑑⁡𝑃𝐴𝐻
 
  Equation 2.16 
The relative bioassay potency is obtained from the bioassays. However, this 
approach has not been implemented by any regulatory agencies. Another limitation 
in this approach is that the necessary bioassays must be undertaken in the laboratory, 
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which did not form part of the current research project. Therefore, this method was 
not taken into consideration. 
C. Toxic Equivalent Factors and Cancer Risk Assessment 
The third approach is based on the use of toxic equivalent factors (TEFs) for PAHs. 
It has been applied in a large number of past research studies investigating cancer 
risks posed by PAHs (Chen and Liao 2006; Han et al. 2014; Jiang et al. 2014; Jyethi 
et al. 2014; Khillare et al. 2014; Kumar et al. 2015). TEF approach selects one 
reference compound and assigns potency factors (i.e. TEFs) relative to this reference 
for the other compounds in the group. The PAH mixture concentration is equivalent 
to the B[a]P-equivalent concentration (B[a]Peq) calculated by Equation 2.17 (Jyethi 
et al. 2014): 
 𝐵[𝑎]𝑃𝑒𝑞 =∑𝐶𝑖
𝑛
𝑖=1
× 𝑇𝐸𝐹𝑖 + 𝑋 Equation 2.17 
Where: 𝐵[𝑎]𝑃𝑒𝑞 – the benzo[a]pyrene equivalent exposure presented by the mixture; 
𝐶𝑖 – dose or concentration of the ith PAH detected in the mixture; 
𝑇𝐸𝐹𝑖 – toxic equivalent factor the ith PAH detected in the mixture; 
𝑛 – number of PAHs detected in the mixture; 
𝑋 – dose or concentration of benzo[a]pyrene in the mixture. 
There are four assumptions required for the TEF approach (Nisbet and LaGoy 1992). 
First, an already characterised compound needs to be selected as a reference for the 
whole group. As mentioned above, B[a]P is one of the most potent carcinogens in the 
PAH group and it can be selected to be the surrogate for the 16 PAHs. Second 
assumption is that the toxic effects of all compounds are similar to the reference 
compound. This research project met this requirement as the main concern of all 
PAHs in relation to human health is carcinogenicity. Third assumption is that TEFs 
are similar for various toxic endpoints. Toxicologists have provided strong evidence 
for this assumption for PAHs (Chu and Chen 1985). Final assumption is that the 
mode of action of multiple compounds is additive. Although the joint toxic effects of 
PAHs have not been investigated systematically, many studies have shown that the 
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interactions between different PAHs are additive (Pfeiffer 1976). TEF values for 
each PAH were listed in Table 2.3. 
Table 2.3 TEF values for the 16 priority PAHs (Adapted from Nisbet and 
LaGoy (1992)) 
Compounds TEFs 
Naphthalene 0.001 
Acenaphthylene 0.001 
Acenaphthene 0.001 
Anthracene 0.01 
Phenanthrene 0.001 
Fluorene 0.001 
Fluoranthene 0.001 
Pyrene 0.001 
Benzo[a]anthracene 0.1 
Chrysene 0.01 
Benzo[a]pyrene 1 
Benzo[b]fluoranthene 0.1 
Benzo[k]fluoranthene 0.1 
Benzo[ghi]perylene 0.01 
Indeno[1,2,3-cd]pyrene 0.1 
Dibenz[a,h]anthracene 5 
 
According to Table 2.3, B[a]Peq can be calculated using Equation 2.18. 
𝐵𝑎𝑃𝑒𝑞 = 0.001 × 𝐶𝑁𝐴𝑃 + 0.001 × 𝐶𝐴𝐶𝑌 + 0.001 × 𝐶𝐴𝐶𝐸 + 0.001 × 𝐶𝐹𝐿𝑈 + 0.001 ×
𝐶𝑃𝐻𝐸 + 0.01 × 𝐶𝐴𝑁𝑇 + 0.001 × 𝐶𝐹𝐿𝐴 + 0.001 × 𝐶𝑃𝑌𝑅 + 0.1 × 𝐶𝐵𝑎𝐴 + 0.01 × 𝐶𝐶𝐻𝑅 + 0.1 ×
𝐶𝐵𝑏𝐹 + 𝐶𝐵𝑎𝑃 + 0.1 × 𝐶𝐼𝑁𝐷 + 5 × 𝐶𝐷𝑎𝐴 + 0.01 × 𝐶𝐵𝑔𝑃    
  Equation 2.18 
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2.6.4 Risk Assessment of HM Mixtures 
HMs can be both non-carcinogenic and carcinogenic (Ferreira-Baptista and De 
Miguel 2005; IRIS 2015). Therefore, risk assessment of HMs commonly considers 
both non-carcinogenic and carcinogenic effects on humans (Chanpiwat et al. 2014). 
The potential non-carcinogenic toxicity of individual HMs is assessed based on the 
HQ and HI approach as mentioned in Section 2.6.2. If HI exceeds a value of 1, there 
may be critical concern of non-carcinogenic toxic effects from the HM mixture 
(Wilbur et al. 2004). Carcinogenic risk assessment of HM mixtures characterise 
intakes of carcinogenic HMs and corresponding cancer slope factors. 
2.7 SUMMARY 
The critical review of research literature has clearly identified that urbanisation 
influences stormwater, both quantitatively and qualitatively. With urban 
development, the natural areas are converted to impervious surfaces and drainage 
systems are modified. Impervious surfaces results in decrease in infiltration which 
leads to increased stormwater runoff volume. The increased imperviousness also 
contributes to more uniform ground slope and consequently accelerates runoff 
velocity. This can decrease the lag time and increase the peak flow rate. The 
modification of drainage systems accelerates runoff velocity and magnifies the 
quantity of water conveyed. As a result, the quantitative impacts of urbanisation on 
stormwater are, increased stormwater runoff volume, reduced lag time to peak and 
increased runoff peak flow. In terms of urban stormwater quality degradation, it is 
mainly due to various anthropogenic activities resulting from urbanisation. Various 
human activities such as traffic and land use activities contribute significant 
pollutants to the environment and during rainfall events these pollutants are 
dislodged or dissolved and transferred to stormwater. 
The primary traffic generated pollutants are sediments and suspended solids, HMs, 
PAHs, OC and nutrients. HMs and PAHs are the two main pollutants toxic to human 
and ecological health. Most HMs and PAHs are adsorbed by suspended solids in 
urban stormwater runoff. The concentrations of pollutants in stormwater are 
significantly dependent on traffic and land use characteristics.  
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According to previous studies, road surfaces have been identified as a major source 
contributing numerous pollutants to urban stormwater. Road deposited pollutants 
originate from various sources. The primary urban stormwater pollutant sources are 
traffic related activities, urban land use activities, construction and demolition 
activities and soil erosion. Land use has a significant influence on stormwater quality 
because different land uses contribute different kinds of pollutants and 
concentrations of pollutants show significant variation with different land uses. 
The two main pollutant processes are build-up and wash-off. Build-up is the process 
where pollutants accumulate on surfaces during dry periods and wash-off is the 
process where deposited pollutants are removed after rainfall events. There are 
various factors influencing these processes. It has been noted that build-up is affected 
by traffic volume, land use, street sweeping, climate characteristics and catchment 
properties, while wash-off is mainly influenced by rainfall intensity and road surface 
conditions.  
HMs and PAHs can result in risks to human health such as cancer and many other 
chronic and acute symptoms. Previous research studies have found that the 
concentrations of HMs and PAHs are higher than the threshold values recommended 
by guidelines for recreational and potable use. Therefore, the evaluation of the risk to 
human health posed by HMs and PAHs is essentially acknowledged in stormwater 
pollution management. An in-depth knowledge of general risk concepts and risk 
assessment procedure was reviewed. Risk is generally defined as the combination of 
consequence of the event and the likelihood of occurrence. The risk of chemical 
hazards should be managed in order to reduce the chemical risk to humans. Risk 
assessment is an important pathway to risk management and it refers to the process 
by which the results of a risk analysis are used to make decisions. There are four 
main steps included in the risk assessment process, namely, hazard identification, 
exposure assessment, dose-response assessment and risk characterisation. Many 
previous research studies have focused on risk assessment of HMs and PAHs. 
However, there were no comprehensive investigations undertaken to assess the risk 
to human health from HMs and PAHs in urban stormwater runoff. As toxic 
pollutants in stormwater have significant potential to exert adverse influence on 
human health, it is therefore important to assess the risks associated with urban 
stormwater. 
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Chapter 3: Research Design and Methods 
3.1 BACKGROUND 
Heavy metals (HMs) and polycyclic aromatic hydrocarbons (PAHs) have been 
identified as the two main toxic chemical pollutants in stormwater. Both these 
chemical pollutants are mainly generated from traffic and land use activities in urban 
regions. The toxicity of these pollutants can pose significant risks to human health. 
Risks posed by these pollutants can also be related back to the traffic and land use 
characteristics that are influential in generating chemical pollutants and factors 
influencing wash off of these pollutants from urban surfaces. 
Risk from pollutants in stormwater can be primarily related to the build-up load of 
pollutants on urban surfaces. This is based on the consideration that almost all the 
chemical pollutants built-up on urban surfaces reaches receiving waters in the long-
term. As pollutant build-up load is significantly correlated with traffic and land use 
characteristics, these two factors can also be taken as correlating influential factors in 
relation to the risk to human health posed by chemical pollutants in stormwater. In 
order to define these correlations, a robust research methodology needed to be 
developed. 
This chapter describes research design, methodology and techniques incorporated in 
the research study. It entailed logical steps to collect an appropriate data set and a 
series of study tools were used to predict the risk to human health from traffic and 
land use generated chemical pollutants in stormwater. 
3.2 RESEARCH METHODOLOGY 
The research methodology consisted of the following key steps: 
 Critical review of research literature 
 Site selection for sample collection 
 Build-up sample collection 
 44 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 
 Sample testing 
 Data analysis. 
3.2.1 Critical Review of Research Literature 
The critical review of research literature was undertaken to gain an in-depth 
understanding of urban stormwater pollution and to identify the current knowledge 
gaps. The review of literature primarily concentrated on the following areas: 
 Primary traffic and land use related pollutants and their sources; 
 Pollutant build-up and wash-off processes and  their interrelationships; 
 Determining the toxicity of chemical pollutants and their impact on human 
health; 
 Human health risks associated with toxic chemical pollutants in urban 
stormwater; 
 Field sampling and processing techniques; 
 Test methods for critical toxic pollutants and their influential parameters; 
 Risk assessment procedures; 
 Data analysis techniques. 
3.2.2 Site Selection 
Having varied traffic volumes and land use characteristics were considered as the 
most important consideration in study site selection. This was primarily due to the 
influence of these factors in the generation and distribution of toxic pollutants in 
urban environments. As discussed in Section 2.4.1, traffic activities are one of the 
main sources for toxic chemical pollutants in urban stormwater and thereby traffic 
volume has significant impacts on risks associated with pollutants (Barrett et al. 1998; 
Shaheen 1975). Additionally, traffic volume is different in various land use areas and 
a range of land use activities generate different types of pollutants. 
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Eroded soil is also an important source of road deposited pollutants. Association of 
pollutants with soil particles depend on the soil type and characteristics. Therefore, 
soil type was a factor considered in site selection. 
Since road surfaces are a primary contributor of traffic and land use generated 
pollutants to stormwater, a series of road sites needed to be selected. A total of 20 
study sites were selected to derive robust outcomes from the data analysis and also to 
complement with previous stormwater quality studies undertaken in the same region. 
The criteria adopted for site selection is listed below: 
 Sites to be located in suburbs with varied land use and soil characteristics; 
 Different sites within each suburb representing the spectrum of traffic 
volumes specific to that area; 
 Good road surface condition excluding cracks and erosion; 
 Limited disturbance to the traffic during sample collection; 
 Flat terrain without steep slopes; 
 Ease of access to the sites and placement of sampling equipment. 
3.2.3 Build-up Sample Collection 
The research project needed to collect pollutant build-up samples to evaluate the 
risks posed by HMs and PAHs in stormwater. Other stormwater quality research 
studies have analysed, both build-up and wash-off samples (Mahbub 2011; 
Miguntanna 2009). However, only build-up samples were considered in this project. 
It has been found in stormwater pollutant wash-off process, that only a fraction of 
pollutants are mobilised by a single rainfall event (Egodawatta et al. 2007). The 
pollutants remaining after a rainfall event will eventually be washed-off due to the 
rainfall events that will follow at later dates. Therefore, wash-off samples were not 
considered to be necessary. Essentially, the approach was to consider the worst case 
scenario. 
Samples from the same study site were collected twice in order to consider the 
differences in pollutant types and loads due to variations in antecedent dry period and 
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averaged data were used for the subsequent data analysis. The antecedent dry period 
before sample collection was in the range of seven to nine dry days. This was due to 
the fact that pollutant accumulation rate is rapid during the initial period and reaches 
a near constant value in around seven to nine dry days (Ball et al. 1998; Egodawatta 
and Goonetilleke 2006). 
The sampling plot at each selected road site was a one meter wide square area of 
which the length was from the kerb to the middle of road. This approach was adopted 
due to the fact that particle size distribution is significantly influenced by the location 
across the road. The kerb and barrier in the centre of the road can obstruct the 
transportation of solids due to traffic and wind turbulence. Consequently, a larger 
quantity of solids are built up near the kerb and in the middle of the street (Deletic 
and Orr 2005; Novotny et al. 1985). Due to disintegration by moving vehicles, the 
fine particles are more predominant in the area undergoing vehicular movement 
while the loading of coarse particles is higher near the kerb (Grottker 1987). Taking 
into the consideration the variation in particle size distribution of solids across the 
road, build-up samples needed to be collected from the kerb to the middle of road. 
3.2.4 Sample Testing 
HMs and PAHs were considered as the focus pollutants and their loadings in 
collected build-up samples were tested. The investigated HMs included zinc (Zn), 
lead (Pb), cadmium (Cd), copper (Cu), chromium (Cr), nickel (Ni), manganese (Mn), 
aluminium (Al) and iron (Fe) which have been identified in research literature as the 
toxic metals commonly generated by traffic and land use related activities and 
ubiquitous in the urban environment (Chiew et al. 1997; Sartor et al. 1974). The 
investigated PAHs included the 16 PAHs listed as priority pollutants by the US EPA 
(USEPA 1984). Additionally, solids, organic carbon (OC), pH, electrical 
conductivity (EC) and particle size distribution (PSD) were tested due to their 
influence on pollutant adsorption to particles, and speciation and bioavailability of 
HMs and PAHs (Covelo et al. 2007; Elliott et al. 1986). All test methods were in 
accordance with the methods commonly discussed in research literature. Appropriate 
quality control and quality assurance procedures were adopted during sample 
collection, transport and laboratory testing (AS/NZS 1998). 
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3.2.5 Data Analysis 
Data analysis was undertaken in three steps as illustrated in Figure 3.1. The first step 
was to convert measured build-up data into concentrations of pollutants in 
stormwater runoff from the sampling sites. Build-up data were derived from the 
sample collection and testing undertaken. However, risk assessment is based on 
pollutant concentration in stormwater. Therefore, an appropriate hydrologic and 
water quality model was selected to convert build-up data into stormwater 
concentration data. In the second step, relationships between concentrations of HMs 
and PAHs in stormwater and traffic and land use characteristics were defined. This 
was undertaken using mathematical modelling. In the third step, risks posed by HMs 
and PAHs in stormwater were estimated based on their concentrations. Mathematical 
models were developed to estimate the risk, based on the model developed in the 
second step. The first aim of the project was achieved through step 3 to evaluate the 
risks to human health from multiple HMs and PAHs in stormwater. The second aim 
was realised based on the second and third step to relate the risk from HMs and 
PAHs to traffic and land use characteristics. 
 
Figure 3.1 Data analysis approach 
Step 1 
Converting build-up load into stormwater pollutant 
concentrations 
Step 2 
Mathematical modelling of concentrations of HMs and 
PAHs in stormwater as a function of traffic and land use 
characteristics 
Step 3 
Estimating risks due to HMs and PAHs in stormwater  
Aim 1 
 
Aim 2 
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3.3 SAMPLING METHODS AND EQUIPMENT 
3.3.1 Sample Collection 
Dry and wet vacuuming was adopted to collect build-up samples due to its high 
efficiency. Road deposited pollutants are commonly collected using two primary 
methods; sweeping/brushing and vacuuming (Bris et al. 1999). Due to the low 
efficiency of collecting fine particles, sweeping or brushing is commonly adopted 
where coarse particles are of primary interest. However, fine particles play a critical 
role in the current research study due to their dominant association with HMs and 
PAHs (Sartor and Boyd 1972). Therefore, vacuuming was adopted for collecting 
build-up samples in this project. Bris et al.(1999) compared the efficiencies of dry 
and wet vacuuming and the result is shown in Figure 3.2.  
It is apparent that wet vacuuming is more efficient to collect all sizes of particles, 
especially fine particles, than dry vacuuming. An improved method known as dry 
and wet vacuuming was conducted by Deletic and Orr (2005). This method 
combined washing and vacuuming particles on the road surface simultaneously. 
Water was sprayed on the road surface to dislodge fine particles first and then build-
up solids were collected through vacuuming. The same method was adopted for this 
research project. 
 
Figure 3.2 Collection efficiency of dry and wet vacuuming (Adapted from Bris 
et al. 1999) 
As discussed in Section 3.2.3, build-up samples were collected from a small plot on 
the selected roads. The collected samples were considered as representative for a 
longer stretch of road with uniform traffic and land use characteristics. Though sites 
were selected avoiding common geometric, traffic and land use features creating 
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non-uniformity in pollutant build-up, it is possible that the localised and location 
specific features influence the uniformity. For example, distances to intersections and 
traffic signals, and change of gradient and width of the road are factors which can 
influence uniformity of build-up in a longer stretch of a road. 
3.3.2 Sampling Equipment 
A. Vacuum Collection System 
A Delonghi Aqualand model was selected as the vacuum system. The system is 
capable of collecting both dry and wet samples. A filtration system is provided in the 
vacuum system to enable vacuumed particulates to be retained in a water column. 
Therefore, road dust collected in the water filtration system can be easily transferred 
to sample containers for analysis. The filtration system is shown in Figure 3.3. 
 
Figure 3.3 Filtration system of Delonghi vacuum cleaner (Gunawardana 2011) 
The specific vacuum cleaner was selected due to its high collection and retention 
efficiency. Industrial vacuum cleaners have been used in previous research studies 
and it has been noted that these systems result in high efficiencies in collecting build-
up samples due to their high vacuum power (Shaheen 1975). However, it is not only 
collection efficiency, but also retention efficiency that must be taken into 
consideration in the selection of an appropriate vacuum system. Tai (1991) used a 
domestic vacuum cleaner to collect street dust and the recovery of fine particles 
(<74µm) was 96.4%. The high efficiency of a domestic vacuum cleaner is attributed 
to its strong ability for retaining particles. This suggests the importance of taking 
both, collection and retention efficiency into consideration in selecting a suitable 
domestic vacuum cleaner for the project. 
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In addition to retention efficiency, collection efficiency was improved by the use of a 
brush fixed at the end of the hose of the vacuum cleaner (see Figure 3.4). This brush 
can significantly enhance efficiency by dislodging both fine and coarse particles 
bound to the road surface (Herngren 2005). 
 
Figure 3.4 Delonghi vacuum cleaner 
B. Sprayer 
In order to enhance the efficiency of collecting fine particles on the road surfaces, 
wet vacuuming was also conducted during build-up sample collection. This was 
undertaken by using a water sprayer to wet the surface, which helped to dislodge fine 
particles. Deletic and Orr (2005) used a commercial sprayer to apply deionised water 
on the roads. They noted that an appropriate water pressure was critical for 
dislodging bound particles without destroying the surfaces. According to Mahbub 
(2011), the most appropriate pressure is 2 bar for 3 min of spraying. 
This project used a portable electric sprayer to wet the road surfaces (Figure 3.5). It 
is a Swift compact sprayer with a 60L water tank. A pressure control module and a 
pressure gauge are provided to control the water pressure. 
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Figure 3.5 The swift compact water sprayer (60L) 
3.3.3 Sample Collection Efficiency 
The efficiency of sampling equipment was tested on a bitumen road surface at 
Queensland University of Technology. As the actual sampling was conducted on 
bitumen surfaces, the result of the test was considered to be close to the actual 
sampling. The efficiency of the test procedure was initially evaluated as discussed 
below. Steps 1 to 7 were to clean the road surface while Steps 8 to 16 were to collect 
the build-up samples. 
Cleaning 
1. Three 1m × 1m plots on a bitumen surface adjacent to each other were 
selected. 
2. Vacuum cleaner was filled with 3L deionised water. 
3. The plots were dry vacuumed by the vacuum cleaner five times in a 
perpendicular direction. 
4. Following the dry vacuuming, the plots were dampened by the sprayer at 2 
bar pressure for 3 min duration using deionised water. 
5. Wet vacuuming was conducted by the vacuum cleaner five times in a 
perpendicular direction. 
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6. After cleaning the road surface, the collected solids were discarded and the 
vacuum cleaner compartments were washed thoroughly using deionised water. 
7. The plots were allowed to dry for 1 hour. It was assumed that after the 1 hour 
dry period, the pollutants built-up on the three plots were similar. 
Sampling Procedure 
8. For plot 1, 100g of solids were gently spread on the surface so that all the 
solids are placed within the plot boundary. The solids were brushed evenly 
within the plot by using the vacuum cleaner brush. The solids retained for 
testing were particles passing through a 425µm sieve and oven dried at 105
0
C 
for weighing. 
9. Vacuum cleaner was filled with 3L deionised water. 
10. Dry vacuuming was conducted by vacuuming three times in perpendicular 
direction. 
11. Following that, the plots were dampened by the sprayer at 2 bar pressure for 3 
min duration using deionised water. The nozzle was held 0.5m above the 
surface. 
12. Then the surface was wet vacuumed three times in perpendicular direction 
from the same edge as the spraying. 
13. After wet vacuuming, the 3L of water in the vacuum cleaner along with the 
road dust samples was transferred into a 25L polyethylene bottle which had 
been prewashed using deionised water. 
14. The various compartments of the vacuum cleaner were washed with a known 
amount of deionised water. This fraction of water was also transferred to the 
polyethylene bottle mentioned in Step 13. 
15. Plot 2 was also sampled using the same procedure as the first plot (from Step 
8 to Step 14). 
16. Plot 3 was used as a blank and was vacuumed with no solids spread on the 
surface. The procedure was the same as from Step 9 to Step 14. 
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The efficiency of the vacuum cleaner and sprayer was determined by weighing the 
mass of collected samples according to APHA 2540 C and APHA 2540 D (APHA 
2004). The procedure was as detailed below: 
1. The samples were sieved using a 63µm sieve. 
2. The wet solids retained on the sieve were put in a weighed and dried (1050C) 
evaporating disk and dried in the oven at 105
0
C for at least 1h. 
3. A well-mixed 500mL aliquot of water sample was collected and vacuum 
filtered through a 0.6µm Whatman G/F glass fibre filter paper. The filter 
paper was weighed before filtration. 
4. Then the filter paper with the retained solids was put in an evaporating disk. 
The evaporation disk was pre dried (105
0
C) to remove water and weighed. 
Then the evaporation disk was dried in the oven at 105
0
C for at least 1h. 
5. 50mL of the filtrate was transferred by pipette to a weighed and dried (1800C) 
evaporating disk and left in the oven at 180
0
C for at least 1h. 
6. The dried solids were weighed. 
The final results are shown in Table 3.1. According to the results, the recovery 
efficiency of the two plots was 96.09% and 98.89% respectively. The result obtained 
was considered acceptable for the use of the sampling equipment to collect samples. 
Table 3.1 Efficiency test data for the sampling equipment 
 Plot 1 Plot 2 Plot 3 (Blank) 
Weight of Solids >63µm (g) 74.6293 75.7268 1.8055 
Weight of Solids 0.6-63 µm 
(g) 
24.5112 25.2864 1.3846 
Weight of Solids < 0.6 µm 
(g) 
0.168 1.098 0.028 
Weight of Recovered Solids 
(g) 
96.0904 98.8931  
Efficiency 96.09% 98.89%  
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3.4 DATA ANALYSIS TECHNIQUES 
3.4.1 Hydrologic and Hydraulic Modelling 
A. Model Selection 
Selection of appropriate modelling software was important in order to perform the 
analysis outlined in Step 1 in Section 3.2.5. The criteria identified for the selection of 
the appropriate stormwater model are as follows. 
 It was important to select a model to accurately simulate hydrologic and 
hydraulic processes. This is due to the fact that hydrologic and hydraulic 
modelling results were used to determine the runoff volume of the simulated 
rainfall event and the runoff volume dictates the concentration of pollutants in 
stormwater. Consequently, the risk posed by toxic pollutants is dependent on 
the concentration. 
 The model was required to be able to simulate hydrologic processes based on 
individual rainfall events rather than long term continuous rainfall. Event-
based models can simulate pollutant concentration or load for an individual 
rainfall event while long-term based models simulate pollutant concentration 
or loading for a long period such as one month or one year. The concentration 
data simulated by the hydrologic model needed to be used to predict pollutant 
concentration based on traffic and land use characteristics. Simulated 
pollutant concentrations were determined from a series of rainfall events 
rather than simulation over a long period. This is due to the fact that a large 
amount of concentration data will contribute to higher accuracy of the 
prediction of pollutant concentrations. 
 The selected software needed to have the ability to import different data file 
types. This was because the input data could originate from different file 
types such as Excel and Geographical Information System (GIS) based 
formats. 
As per the criteria discussed above, three commonly used stormwater models were 
taken into consideration. These models were MUSIC, EPA SWMM and MIKE 
URBAN. The comparison of the three models is tabulated in Table 3.2.  
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Table 3.2 Comparison of the three water quality models 
Models Precision Event-based File importing ability 
MUSIC √ × √ 
EPA SWMM √ √ × 
MIKE URBAN √ √ √ 
√: good performance; ×: poor performance. 
As evident from Table 3.2, although all three models have the capability to 
accurately simulate hydrologic and hydraulic processes, MIKE URBAN was selected 
for this research project. The limitations of MUSIC and EPA SWMM and the 
reasons for selecting MIKE URBAN are discussed below. 
MUSIC was developed by the Cooperative Research Centre for Catchment 
Hydrology (CRC-CH) and widely used in Australia for estimating stormwater 
quantity and quality within user defined networks (GCCC 2006). However, this 
model focuses on predicting long term pollutant concentrations or loadings rather 
than individual rainfall events. Due to this limitation, MUSIC was not an appropriate 
model for this research project.  
SWMM is a dynamic rainfall-runoff simulation model developed by the United 
States Environmental Protection Agency (USEPA). It is used for both event-based 
and continuous rainfall simulation of runoff quantity and quality (USEPA 2010). 
However, GIS based file types are not supported by SWMM. Therefore, it was not 
considered suitable for this project.  
MIKE URBAN is a modelling system developed by the Danish Hydraulic Institute 
(DHI) (DHI 2012). It is based on an ESRI GeoDatabase to store network and 
hydraulic modelling data. The GeoDatabase is for storing GIS data and can be 
operated by any standard GIS application. MIKE URBAN can conveniently import 
data in GIS format from other sources and has the capacity to support many other file 
types. It can simulate rainfall for both, an individual event and long term basis. 
Accordingly, MIKE URBAN was selected for this research project as it meets all of 
the selection criteria for an appropriate stormwater model. 
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B. MIKE URBAN 
MIKE URBAN is a system for designing and modelling water distribution networks 
and collection systems for wastewater and stormwater. With water distribution and 
collection systems tools, the user can simulate water quality, fire flow, real time 
control, sediment transport, dynamic pipe design and long-term statistics (DHI 
2012). MIKE URBAN provides two engines in the form of SWMM and MOUSE for 
modelling hydrologic and hydraulic processes. As noted above, as SWMM was not 
suitable for this research project, MOUSE was selected to simulate rainfall-runoff 
processes. 
Hydrologic and hydraulic modelling procedure in MIKE URBAN is illustrated in 
Figure 3.6. Two incorporated parts are hydrologic simulation and hydraulic 
simulation. Hydrologic simulation is to simulate runoff hydrographs from sub-
catchments and hydraulic simulation incorporates simulation results from sub-
catchments into one hydrograph for the whole catchment. 
 
Figure 3.6 Hydrologic and hydraulic modelling procedure in MOUSE 
In the hydrologic simulation process, catchment properties, rainfall data and 
catchment loads and meteorological boundary conditions are required to be input. 
Catchment properties mainly include coordinates, area and the impervious fraction. 
Rainfall data is specified by defining time series which can be directly imported from 
spreadsheet databases. Rainfall data defines the time period, rainfall types and time-
steps for simulation. Catchment loads and meteorological boundary conditions 
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connect catchment to the rainfall data. Hydraulic simulation needs input of network 
data which contains node and link information. Node data primarily needs the 
location of the nodes and their properties such as node type and size. All nodes are 
connected by links. Link information includes pipe shape, material and simulation 
method. 
Due to the limitation that the developed hydrologic model cannot be validated in this 
research project, the uncertainty of input parameters must be reduced to the smallest 
extent. Therefore, the selection of an appropriate hydrological model was critical in 
hydrologic simulation. There are four models provided by MOUSE including Model 
A- time/area method; Model B- non-linear reservoir (kinematic wave) method; 
Model C- linear reservoir method including Model C1 - Dutch runoff model and 
Model C2 - French runoff model and UHM- unit hydrograph model. UHM assumes 
that runoff and rainfall are linearly related. Nevertheless, it is well-known that the 
actual runoff is not generated linearly with rainfall and thereby UHM was not taken 
into consideration. Since initial loss volume is different on different types of 
surfaces, the areas studied were divided into three fractions, namely, road catchment, 
roof catchment and pervious catchment. Although pervious surfaces contribute less 
runoff volume compared to road and roof surfaces due to higher initial loss, it can 
still generate runoff at high rainfall intensity. Therefore, the selected hydrologic 
model must be available to simulate runoff volume from the pervious surfaces. From 
this point of view, Model A- time/area method and Model C2 - French runoff model 
were excluded in this research project. Both Model B- non-linear reservoir 
(kinematic wave) method and Model C1 - Dutch runoff model take the pervious 
catchments into consideration. Due to the tedious procedure of parameter input for 
Model B, Model C1 was selected as the preferred hydrologic model. 
3.4.2 Statistical Modelling Technique 
The observed data for this research project were viewed as geostatistical. 
Geostatistics are data containing a finite sample of measured values relating to an 
underlying spatially continuous phenomenon. Geostatistics can be analysed using R 
package which is freeware and provides the environment for geostatistical computing 
and graphics (Diggle and Ribeiro 2007). R is an integrated suite of software for data 
manipulation, calculation and graphical display. The R environment is a fully 
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coherent system within which statistical techniques are implemented. It can be easily 
extended by users via definition of new packages with new functions. The package 
geoR within R is popular for analysing geostatistical data and was selected for 
mathematical modelling in this research project.  
The mathematical models used with R are generalised linear geostatistical models 
which are the generalised linear models including various forms specific to different 
geostatistical data (Nelder and Baker 1972). A geostatistical model is capable of 
accounting for any spatial variability that may exist in the data. The common 
estimation of the parameters in the model is maximum likelihood estimation (MLE). 
MLE is a widely accepted statistical method and details can be found in Millar 
(2011).  
3.4.3 Statistical Data Analysis Techniques 
Univariate and multivariate data analysis techniques were employed. However, due 
to the large size of the data set created in this project, univariate data analysis alone 
was inadequate. Therefore, multivariate data analysis techniques were also employed 
to analyse the data for this project. Detailed discussion about statistical data analysis 
techniques is given below. 
A. Univariate Data Analysis 
Univariate data analysis mainly focused on the mean, standard deviation (SD), 
relative standard deviation (RSD) and confidence interval calculations. Mean is the 
arithmetic average of a data set while SD indicates the variation of the data points 
with respect to the mean. A small SD indicates the data set is tightly grouped while a 
large SD indicates the data points are widely dispersed. RSD is usually expressed as 
a percentage to explain the extent of variability to the mean. It is commonly used in 
analytical chemistry to show the repeatability of an experiment. The calculation of 
mean, SD and RSD is according to Equations 3.1, 3.2 and 3.3, respectively. 
 ?̅? =
1
𝑛
∑𝑥𝑖
𝑛
𝑖=1
 Equation 3.1 
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 𝑆𝐷 =∑√
(𝑥𝑖 − ?̅?)2
𝑛
𝑛
𝑖=1
 Equation 3.2 
 𝑅𝑆𝐷 =
𝑆𝐷
?̅?
× 100% Equation 3.3 
where: ?̅? – mean of the data set; 
𝑛 – number of the data points in the set; 
𝑥𝑖 – the i
th
 data point in the set; 
B. Multivariate Data Analysis  
Multi Criteria Decision Making (MCDM) methods are a decision-making procedure 
dealing with multivariate problems to obtain the preferred objects. Preference 
Ranking Organisation Method for Enrichment Evaluations (PROMETHEE) and 
Graphical Analysis for Interactive Assistance (GAIA) are among the most commonly 
used MCDM methods. In recent times PROMETHEE and GAIA methods are 
increasingly being applied in environmental research studies (Gunawardana 2011; 
Gunawardena et al. 2012; Liu et al. 2012a). For example, Gunawardana (2011) used 
PROMETHEE to select the most favourable properties of solids for metal adsorption 
processes. Gunawardena et al. (2012) investigated the primary source of metals in 
atmospheric particulates based on the relationship between sources and metals 
derived from the GAIA method. Liu (2011) employed PROMETHEE and GAIA to 
identify the relationship between catchment characteristics and stormwater quality. 
In this project, PROMETHEE and GAIA methods were employed to rank the human 
health risk associated with HMs and PAHs in stormwater from study sites and to 
identify the influence of traffic and land use on that risk. These methods were used in 
data analysis employing the software Visual PROMETHEE which is discussed in 
Chapter 8. The information about the theory underpinning PROMETHEE and GAIA 
methods are discussed below. 
PROMETHEE facilitates decision-makers to select the most preferred objects 
according to the most concerned variables. A data matrix needs to be prepared for 
PROMETHEE ranking. The rows of the data matrix are called actions which 
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represent the objects while the columns are named criteria referring to the variables. 
Several parameters need to be justified for PROMETHEE analysis including ranking 
order, weight, preference function and thresholds. 
Ranking Order 
Ranking order determines whether the criterion should be minimized or maximized. 
If the criterion is minimized, then the ranking order will be ascending and if the 
criterion is maximized, the objects will be ranked in descending order. 
Weight 
The weight of a criterion is a measure of how much it is important with respect to the 
other criteria. For example, if the weights of all the criteria are equal, the criteria are 
considered to be equally important. 
Preference Function 
The preference function defines how pairwise evaluation of differences is translated 
into degrees of preference. It reflects the perception of the criterion scale by the 
decision-maker. There are six different types of preference functions available in 
Visual PROMETHEE as given in Table 3.3. 
Thresholds 
The thresholds need to be identified according to the type of preference function 
selected. The thresholds include the indifference threshold (Q), the preference 
threshold (P) and the Gaussian threshold (S). Each preference function requires up to 
two thresholds as given in Table 3.3. Q is the largest deviation that is to be 
considered as negligible by the decision-maker. P is the smallest deviation that is 
considered as sufficient to generate a full preference. Therefore, the Q threshold must 
be less than the P threshold. S corresponds to the inflection point of the Gaussian 
curve and it is only accompanied with the Gaussian preference function. 
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Table 3.3 Preference functions in PROMETHEE 
Preference Function Shape Thresholds 
Usual preference function 
 
No threshold 
U-shape preference 
function 
 
Q threshold 
V-shape preference 
function 
 
P threshold 
Level preference function 
 
Q and P threshold 
Linear preference function 
 
Q and P threshold 
Gaussian preference 
function 
 
S threshold 
 
GAIA is the descriptive companion method to PROMETHEE. It is the graphical 
description of the PROMETHEE ranking result. GAIA method uses principal 
component analysis technique to reduce the dimension of the original data set. This 
technique defines a series of orthogonal dimensions that retains as much information 
as possible on the relative positions of the actions in the original dimensional space. 
The new defined dimensions are called principal components (PCs). The first two 
PCs are displayed by the GAIA biplot where actions and criteria are represented by 
points and vectors, respectively. In the GAIA biplot, if points appeared in the same 
direction as a particular variable, it indicates that the objects are related to the 
variable. Similar objects display as clusters and dissimilar objects show different PC 
projections. In terms of variables, orthogonal vectors represent the corresponding 
variables which are independent. Variables are correlated if their vectors form an 
acute angle and are conflicting if the vectors point in opposite directions. The 
weights of the criteria are represented by the decision axis, pi, in the GAIA biplot. 
The length of the decision axis is important to take into account when analysing the 
GAIA plane. If the decision axis is long, then the decision power of the GAIA 
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method is strong and the most favourable object is close to the decision axis. 
Otherwise, the orientation of the decision axis is not informative. 
3.5 SUMMARY 
This chapter has discussed the research methodology adopted including the sampling 
method and data analysis techniques. The methodology included a critical review of 
research literature, criteria for study sites selection, build-up sample collection, 
parameters tested in the laboratory work and data analysis procedures adopted. 
Build-up sampling was undertaken using a dry and wet vacuuming method. 
Sampling tools primarily included a vacuuming system and a sprayer. The efficiency 
of the sample collection was evaluated using an area with the same surface type as 
the study sites. The results obtained confirmed that the efficiency was over 95% 
which was considered acceptable for build-up samples collection. 
The primary data analysis tools employed consisted of MIKE URBAN, R software 
and Visual PROMETHEE. MIKE URBAN was selected as the hydrologic and 
hydraulic modelling software since it has greater ability to accurately simulate 
hydrologic and hydraulic processes of individual rainfall events and being able to 
import various file types from other applications. R software was used for 
mathematical modelling. It has strong capacity to undertake geostatistical analysis 
using the package geoR. The mathematical method utilised with R software was 
generalised linear model which contributed to the prediction of pollutant 
concentrations based on traffic and land use characteristics. Visual PROMETHEE 
was selected for statistical data analysis using the PROMETHEE and GAIA method. 
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Chapter 4: Study Sites 
4.1 BACKGROUND 
Selecting appropriate study sites is an important step in developing a representative 
database to investigate risks posed by heavy metals (HMs) and polycyclic aromatic 
hydrocarbons (PAHs) in stormwater runoff. As noted in Chapter 2, risk from HMs 
and PAHs in stormwater is influenced by their concentration, which in turn is 
dependent on their build-up load on urban surfaces. Build-up of HMs and PAHs is 
primarily influenced by traffic and land use characteristics. Consequently, study sites 
representing a range of traffic volumes and land uses were selected for data 
collection so that those sites represent a spectrum of pollutant concentrations in 
typical urban regions. This enables the assessment of human health risks posed by 
HMs and PAHs in stormwater in urban regions with varied traffic and land use 
characteristics. This chapter describes the details of the site selection and selected 
site characteristics. 
4.2 STUDY AREA 
Study sites were selected from the Gold Coast region, Queensland, Australia. The 
reason for the selection of Gold Coast area was that there are many significant rivers 
within this region with different land use areas located along these rivers. 
Additionally, as a number of past research studies on urban stormwater quality have 
been undertaken in the Gold Coast region, a significant repository of baseline data is 
already available.   
Gold Coast is the sixth largest and one of the fastest growing cities in Australia. Its 
current population is over 513,000 and is expected to continue to grow by 13,000 to 
16,000 people per year (GCCC 2011). The rapid increase in population contributes to 
the continued urban development in Gold Coast. 
City of Gold Coast has a typical humid subtropical climate with an average annual 
rainfall of 1277mm. The winter in Gold Coast is warm and dry, while the summer 
(November to February) is humid with numerous heavy rain events that can last a 
few days (GCCC 2011). 
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There is an integrated network of waterways in the Gold Coast region including five 
significant rivers, numerous creeks, lakes and canals. Nerang River (see Figure 4.1) 
is one of the main waterways in Gold Coast area and many other creeks flow into it. 
The water environment in the Gold Coast area is popular with residents and visitors 
as recreation areas. Unfortunately, urban stormwater generated around these 
receiving waterways might pose risks to human health. As stormwater is the main 
source of pollutants to receiving waters, receiving water protection and management 
have been incorporated in the urban design strategies of the Gold Coast City Council 
(GCCC 2011). 
4.3 STUDY SITES SELECTION 
Nerang River was selected as the receiving water environment for the research study 
and all the study sites were selected close to the river. In order to investigate the 
effect of different land use types on pollutants risk, study sites were selected in both 
urban and natural areas, for comparison. According to the criteria for site selection 
discussed in Chapter 3, a total of 20 sites spread over 5 suburbs were selected in the 
Nerang River catchment. 
Four of the five suburbs selected consisted of urban land uses. These were, Surfers 
Paradise, Benowa, Nerang and Clearview Estate. The study sites were identified by 
reviewing research literature first and confirmed by ground investigation. The initial 
selection of the study sites was according to the research study conducted by 
Gunawardana (2011). In that research study, 16 study sites in Surfers Paradise, 
Benowa, Nerang and Clearview Estate were selected to represent various traffic 
volume and land use characteristics. The subsequent ground investigation confirmed 
the 16 study sites also complied with the criteria in this research project. Therefore, 
the same study sites as Gunawardana (2011) were selected for the current project. 
The reasons for selecting these suburbs included, different land uses, soil types and 
traffic characteristics within the different sites. Land use characteristics vary among 
these four suburbs. They represent commercial, industrial, residential and mixed land 
use (i.e. industrial, commercial and residential) characteristics. According to Section 
3.2.2, different solids are associated with different types and loadings of pollutants. 
Therefore, the consideration of different soil types needed to be included. Four road 
sites were selected from each suburb to represent different traffic volumes by 
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selecting both primary roads and access roads. The details of the selected study sites 
are shown in Table 4.1. 
The suburb of Advancetown is primarily a natural land use area and was selected to 
provide background pollutant concentrations. The suburb is located in the Nerang 
River catchment, upstream of the rest of the selected suburbs. The selected area 
consists of dense vegetation cover. Some potential sites including primary roads and 
access roads were selected near the Nerang River (see Figure 4.1). The identification 
of the study sites was confirmed by ground investigation. Some of the potential sites 
were initially identified based on a desktop study and later rejected during field 
investigation because of unsuitability for sample collection such as high traffic 
speed, steep slope, poor surface condition and access difficulties (see Table 4.2). 
After field visits, four sites with different traffic volumes were selected from 
Advancetown (Table 4.2). Nerang-Murwillumbah Road was selected as the primary 
road site in Advancetown while the other three roads were access road sites in this 
suburb. The map and photos of the twenty selected sites are given in Figure 4.2-4.7 
respectively. 
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Table 4.1 Details of selected study sites in urban areas 
Suburb 
Name 
Land Use 
Type 
Site Name Coordinates 
Surfers 
Paradise 
Commercial Thornton Street 28° 0'37.57"S 
153°25'49.76"E 
Street Paul’s Place 28° 0'42.99"S 
153°25'21.08"E 
Via Roma Drive 28° 0'45.69"S 
153°25'20.02"E 
Hobgen Street 28° 0'41.73"S 
153°25'11.46"E 
Benowa Mixed Strathaird Road 28° 0'29.83"S 
153°24'6.93"E 
Village High Road 28° 0'41.57"S 
153°23'51.08"E 
De Haviland 
Avenue 
28° 0'42.48"S 
153°23'32.22"E 
Mediterranean 
Drive 
28° 0'16.43"S 
153°23'21.26"E 
Nerang Industrial Lawrence Drive 27°59'50.45"S 
153°20'47.62"E 
Hilldon Court 28° 0'1.63"S 
153°20'34.29"E 
Patrick Road 27°59'55.87"S 
153°20'30.61"E 
Stevens Street 27°59'14.54"S 
153°19'59.86"E 
Clearview 
Estate 
Residential Yarrimbah Drive 27°59'42.57"S 
153°18'37.83"E 
Merloo Drive 28° 0'8.79"S 
153°18'10.11"E 
Carine Court 28° 0'1.69"S 
153°18'50.54"E 
Winchester Drive 28° 0'11.67"S 
153°18'54.16"E 
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Figure 4.1 Map of potential sites in natural area 
Table 4.2 Details of selected and rejected study sites in Advancetown 
Suburb Name Land Use 
Type 
Selected Sites 
Advancetown Mostly natural Site Name Coordinates 
Latimers Crossing 
Road 1 
28° 1'44.89"S 
153°17'20.31"E 
Tangara Road 28° 1'52.43"S 
153°16'38.28"E 
Parkway Drive 28° 1'26.15"S 
153°16'37.35"E 
Nerang-
Murwillumbah Road 
28° 2'2.13"S 
153°16'44.15"E 
Rejected Sites 
Site Name Reason for Rejection 
Latimers Crossing 
Road 2 
Poor surface condition 
Hinde Road Unsafety; 
Disturbance due to 
winding road; 
Steep slope 
Gilston Road High traffic speed; 
Little vegetation 
Evanita Drive Much disturbance to the 
traffic due to limited 
width of the road 
Parkway Drive 
Tangara Road 
Nerang-Murwillumbah Road 
Latimers Crossing Road 1 
Latimers Crossing Road 2 
Hinde Road Gilston Road 
Evanita Drive Nerang River 
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Figure 4.2 Map of selected sites 
Advancetown 
Clearview Estate Nerang 
Benowa 
Surfers Paradise 
Nerang River 
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Figure 4.3 Study sites in Surfers Paradise: a. Thornton Street; b. Street Paul’s 
Place; c. Via Roma Drive; d. Hobgen Street 
 
Figure 4.4 Study sites in Benowa: a. Strathaird Road; b. Village High Road; c. 
De Haviland Avenue; d. Mediterranean Drive  
a b 
c d 
a b 
c d 
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Figure 4.5 Study sites in Nerang: a. Lawrence Drive; b. Hilldon Court; 
c. Patrick Road; d. Stevens Street 
 
Figure 4.6 Study sites in Clearview Estate: a. Yarrimbah Drive; 
b. Merloo Drive; c. Carine Court; d. Winchester Drive 
a b 
c d 
a b 
c d 
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Figure 4.7 Study sites in Advancetown: a. Latimers Crossing Road; b. Tangara 
Road; c. Parkway Drive; d. Nerang-Murwillumbah Road 
4.4 SUMMARY 
This Chapter presents the details of the study sites selected and the selected site 
characteristics. All the road sites were located in the Gold Coast region. From a total 
of five suburbs, twenty sites were selected along the Nerang River. The five suburbs 
were, Surfers Paradise, Benowa, Nerang, Clearview Estate and Advancetown 
representing commercial, mixed, industrial, residential and natural land use, 
respectively. Four study sites from each suburb were selected to represent traffic 
volumes within the same land use. Consideration of traffic volume and land use 
among the selected sites was to investigate the influence of traffic and land use 
characteristics on the risk posed by HMs and PAHs in stormwater. 
 
a b 
c d 
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Chapter 5: Build-up Sample Collection and 
Testing 
5.1 BACKGROUND 
Sample collection and testing was an important step of the research methodology. 
The accuracy and reliability of the data generated in this step provided a robust 
foundation for the subsequent data analysis and interpretation. Sample collection and 
preservation procedures are also required to be in accordance with stipulated 
standard procedures for wider acceptance of results and project outcomes. 
The equipment used for sample collection and the characteristics of the collected 
samples were discussed in Chapter 3. As detailed in Chapter 4, 20 study sites were 
selected for build-up sample collection. 
This chapter discusses procedures adopted for build-up sample collection, handling 
of samples after collection and laboratory testing procedures. The data derived from 
the laboratory testing are presented in Appendix A. 
5.2 BUILD-UP SAMPLE COLLECTION 
Build-up is a dynamic process and influenced by the antecedent dry period (Deletic 
and Orr 2005; Egodawatta 2007; Vaze and Chiew 2002). As noted in Section 3.2.3, 
the pollutants load deposited on a road surface approaches a near constant value after 
seven to nine dry days. Hence, build-up samples were collected after a dry period of 
seven to nine days after the preceding rainfall event. 
The sampling procedures adopted were in accordance with the guidance on the 
design of sampling programs, sampling techniques and the preservation and handling 
of samples (AS/NZS 1998). As described in Section 3.2.3, a sampling plot of 1.0m × 
half width across the road (see Figure 5.1) was selected at all 20 road sites. The half 
width of the road sites is given in Table 5.1. The measured plots were demarcated by 
taping on the road surfaces and the built-up pollutants within the plots were collected 
by dry and wet vacuuming. The vacuum cleaner and sprayer used for sample 
collection are described in Section 3.3. During sampling, all apparatus were 
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thoroughly washed with deionised water prior to sampling and between sampling at 
different plots to avoid cross contamination. For sample collection, three litres of 
deionised water was filled into the filtration system of the vacuum cleaner. Dry 
vacuuming was conducted three times in a perpendicular direction (see Figure 5.2). 
After that, the plot was dampened by spraying deionised water with the sprayer at 2 
bar pressure for 3 minute duration. The nozzle of the sprayer was held 0.5m above 
the road in order to efficiently dislodge the pollutants without disturbing the road 
surface (see Figure 5.3). Following spraying, wet vacuuming was undertaken by the 
same vacuum cleaner. Samples collected in the vacuum filtration system were then 
transferred into a 25L prewashed polyethylene bottle. All compartments of the 
vacuum cleaner were thoroughly washed using deionised water and the additional 
water was also collected in the same polyethylene bottle. 
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Table 5.1 Half width of the road sites 
Suburbs Study Sites Half Width (m) 
Surfers Paradise Hobgen St 5.04 
St Paul Pl 4.95 
Thornton St 5.25 
Via Roma Dr 8.11 
Benowa De Haviland Av 5.04 
Mediterranean Dr 4.35 
Strathaird Rd 5.91 
Village High Rd 4.56 
Nerang Hilldon Ct 5.575 
Lawrence Dr 6.5 
Patrick Rd 5.7 
Stevens St 6 
Clearview Estate Carine Ct 3.73 
Merloo Dr 3.7 
Winchester Dr 2.42 
Yarrimbah Dr 5.56 
Advancetown Latimers Crossing Rd 2.8 
Nerang-Murwillumbah Rd 3.54 
Parkway Dr 3.05 
Tangara Rd 2.5 
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Figure 5.1 Sampling plot of 1.0m length × half width across the road 
 
Figure 5.2 Collection of build-up sample using dry vacuuming 
1m 
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Figure 5.3 Spraying process 
5.3 PRESERVATION AND HANDLING OF SAMPLES 
All the polyethylene bottles with samples (25L) were transported to the laboratory 
and preserved under 4℃ in refrigeration. Field blanks and trip blanks were also 
collected, transported and preserved adopting the same procedure as for the build-up 
samples. 
As various preservation procedures and test methods were required for different 
parameters, sub-sampling was essential to extract representative aliquots of samples. 
As described in Chapter 2, separating solids less than 150µm provides important 
information in stormwater research as this size range is associated with relatively 
greater amounts of pollutants than the larger particle size fraction. Accordingly, the 
original samples were separated into two fractions as sub-samples containing solids 
<150µm and >150µm. Sub-sampling was conducted as soon as possible after the 
sampling episode to minimize contamination of samples and degradation. The sub-
sampling and preservation procedure is illustrated in Figure 5.4. Firstly, 1.5L aliquot 
of sample was extracted from the thoroughly mixed original sample and passed 
through 2.36cm and 150µm metal sieves, successively. The 2.36cm sieve was used 
0.5m 
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in order to remove any large debris present in the samples such as leaves, vegetation 
debris and pebbles. Secondly, the sieved aliquot was divided into 4 parts: 500mL for 
heavy metal (HM) testing; 500mL for polycyclic aromatic hydrocarbon (PAH) 
testing; 250mL for solids testing; and 250mL for organic carbon (OC) testing. Sub-
sampled fractions for HM and solids testing were preserved in 500mL acid 
prewashed plastic bottles and for the samples for HM testing, 1.5mL (1+1) nitric acid 
(HNO3) were added for preservation. The HNO3 used was pre-distilled twice in order 
to remove contaminants. Sub-sampled fractions for PAH and OC tests were 
preserved in glass bottles pre-rinsed with acetone. Thirdly, samples remaining on the 
150µm sieve were washed using 1.5L deionized water (DIW). The 1.5L samples 
were treated according to the same procedure as the fraction which passed through 
the sieve. Finally, another 500mL sample was extracted and passed through the 
2.36cm sieve for particle size distribution (PSD) analysis. All sub-samples were 
labelled and preserved under 4℃ until analysis. 
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Figure 5.4 Sub-sampling and preservation procedure 
> 2.36cm ≤ 2.36cm (2L) 
PSD (500mL) Wet sieving 
≤ 150µm (1.5L) > 150µm 
Diluted with 1.5L 
DIW HM (500mL) 
+ 1.5mL HNO3 
Plastics bottles 
PAH (500mL) 
Glass bottles 
Solids (250mL) 
Plastic bottles 
OC (250mL) 
Glass bottles 
Sub sampled build-up samples (2L) 
Wet sieving 
HM (500mL) 
+ 1.5mL HNO3 
Plastics bottles 
PAH (500mL) 
Glass bottles 
Solids (250mL) 
Plastic bottles 
OC (250mL) 
Glass bottles 
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5.4 QUALITY CONTROL AND QUALITY ASSURANCE 
Quality control (QC) and quality assurance (QA) play an essential role in ensuring 
the accuracy and precision in the analytical procedures undertaken. QC is in relation 
to the overall plan for maintaining quality in all aspects of sampling and testing. QA 
refers to the steps that are undertaken to determine the validity of sampling and 
testing (Gunawardena 2012). This section describes the primary QC/QA procedures 
used. 
5.4.1 QC\QA Procedures for Heavy Metals 
The quality control and quality assurance procedures are described in US EPA 200.8 
(USEPA 1994). According to this method, field reagent blanks (FRB), laboratory 
reagent blanks (LRB), laboratory fortified blanks (LFB), calibration blanks, 
calibration standards, internal standards and certified reference material (CRM) were 
used for HM sampling and testing as part of the quality control and quality assurance 
procedures. Additionally, as part of quality assurance, all sampling and testing 
equipment was nitric acid washed and triple rinsed with deionised water. 
FRB is an aliquot of deionised water that is placed in a sample container and treated 
as a sample in all respects, including shipment to the sampling site, exposure to the 
sampling site conditions, storage, preservation, and all analytical procedures. The 
purpose of the FRB is to determine if method analytes or other interferences are 
present in the field environment. LRB is an aliquot of deionised water treated the 
same as samples. It is used to determine if method analytes or other interferences are 
present in the laboratory environment, reagents, or apparatus. The quantity of 
analytes was calculated by subtracting the maximum value determined by FRB or 
LRB. LFB is fortified LRB with known amount of CRM. LFB is used to determine 
the recovery of the analytes by the method and analysed at least once in each batch 
of samples. The required percent recovery of each analyte is expected to fall within 
85%-115% according to the method. Calculation of the percent recovery is as 
Equation 5.1. 
 𝑅 = ⁡
𝐿𝐹𝐵 − 𝐿𝑅𝐵
𝑆
× 100 Equation 5.1 
where: R – percent recovery; 
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LFB – concentration of analytes in LFB; 
LRB – concentration of analytes in LRB; 
S – concentration of CRM fortified to the LRB. 
Calibration standard used was the ICP Quality Control Standard #3 100µg/mL in 5% 
HNO3 purchased from AccuStandard
®
. Five calibration standards were prepared at 
different concentrations in terms of 0.5ppb, 5ppb, 50ppb, 500ppb and 5000ppb. 
Calibration blank is a volume of deionised water acidified with the same acid matrix 
as the calibration standards. The calibration blank is a zero standard and is used to 
calibrate the instrument. 
Internal standards were prepared according to the procedures for preparing standard 
stock solutions as specified in US EPA method 200.8 (USEPA 1994). Multiple 
element solution containing Beryllium (Be), Indium (In), Bismuth (Bi) and Rhodium 
(Rh) at 1000µg/mL in 1% HNO3 were prepared in the laboratory and used as internal 
standard. CRM was also prepared in the laboratory and contained 1ppm of each 
element of interest except iron (10ppm). 
The limit of detection (LOD) is defined as the lowest quantity of a substance that can 
be distinguished by the instrument from the absence of that substance. It was 
estimated via direct testing of seven blanks by the instrument without the experiment 
procedure. The LOD was calculated by Equation 5.2. 
 𝐿𝑂𝐷 = ⁡ ?̅?𝐿𝑂𝐷 + 3𝑆𝐿𝑂𝐷 Equation 5.2 
where: ⁡?̅?𝐿𝑂𝐷 – mean of the seven blanks; 
𝑆𝐿𝑂𝐷 – standard deviation of the seven blanks. 
Repeatability of the method was determined by analysing three replicates of one 
sample randomly selected within each batch. The relative standard deviation (RSD) 
of the three replicates was calculated by Equation 5.3. 
 𝑅𝑆𝐷 =
𝑆𝑅𝑆𝐷
?̅?𝑅𝑆𝐷
× 100 Equation 5.3 
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where: ⁡?̅?𝐿𝑂𝐷 – mean of the three replicates; 
𝑆𝐿𝑂𝐷 – standard deviation of the three replicates. 
5.4.2 QC\QA Procedures for Polycyclic Aromatic Hydrocarbons 
For quality control and quality assurance, all apparatus made from laboratory grade 
glass was used for PAH analysis. All glassware was detergent washed first and 
followed by hot water wash, cold water wash and finally rinsed with deionised water 
and acetone. Then the glassware was placed in the oven for drying. The clean 
glassware was sealed with sample bags prior to use. Additionally, calibration 
standards, internal standards, surrogate standards, certified reference material, field 
blank and method blank were used as follows: 
Calibration Standard 
QTM PAH Mix purchased from Sigma Aldrich contains each component at 
2000µg/mL in methylene chloride. 
Internal standard 
EPA 8270 Semivolatile Internal Standards Mix purchased from Sigma Aldrich 
containing the following components: 
Acenaphthene-d10 at 2000µg/mL in methylene chloride; 
Chrysene-d12 at 2000µg/mL in methylene chloride; 
1,4-Dichlorobenzene-d4 at 2000µg/mL in methylene chloride; 
Naphthalene-d8 at 2000µg/mL in methylene chloride; 
Perylene-d12 at 2000µg/mL in methylene chloride; 
Phenanthrene-d10 at 2000µg/mL in methylene chloride. 
Surrogate standard 
Anthracene–d10 at 2000µg/mL in methylene chloride purchased from Sigma Aldrich. 
An internal standard is an analyte or group of analytes added to a sample at a 
constant concentration, for calibration and quantification. The internal standard is an 
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analyte chemically similar to those being tested. It is typically added to samples 
prepared for analysis to correct analyte concentrations during analysis. Surrogate 
standards are analytes added to a sample at a known concentration in order to 
determine extraction efficiency. Surrogate standards are analytes chemically similar 
to those being extracted. All standards were diluted to 20ppm prior to being added to 
the samples. 
CRM was prepared by spiking the laboratory blank with a known amount of 
calibration standard. Calculation of the percent recovery was by Equation 5.4. 
 𝑅 = ⁡
𝐶2 − 𝐶1
𝐶𝑅𝑀
× 100 Equation 5.4 
where: R – percent recovery; 
C1 – concentration of analytes in laboratory blank; 
C2 – analysed concentration of analytes in prepared CRM laboratory blank; 
CRM – concentration of calibration standard fortified to the laboratory blank. 
Field blank was the same as FRB while method blank was the same as LRB for 
heavy metal analysis. All blanks had undergone all procedures same as the samples 
being tested for PAHs. Estimation and calculation of RSD and LOD were the same 
as the procedures applied for heavy metals. 
5.4.3 QC\QA procedures for OC and Total Solids 
All apparatus for organic carbon testing were glassware and the same cleaning 
procedures as discussed for PAHs were used. Field blanks and laboratory blanks 
were analysed. For repeatability, the same procedures as for HMs and PAHs were 
conducted. 
5.5 LABORATORY EXPERIMENTS 
Build-up samples were analysed for the set of physical-chemical parameters 
discussed in Section 3.2.4. The corresponding testing methods are listed in Table 5.2. 
 
 84 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 
Table 5.2 Analysed parameters and test methods 
Parameters Testing methods 
pH Method 4500-H
+
B (APHA 2004) 
Electrical Conductivity (EC) Method 2510B (APHA 2004) 
Total Solids Method 2540B (APHA 2004) 
Organic Carbons (OCs) Method 5310 (APHA 2004) for 
dissolved organic carbons analysis; Loss-
on-ignition (LOI) (Rayment and Lyons 
2011) for particulate organic carbons 
analysis 
Heavy Metals (HMs) Method 3030E (APHA 2004), EPA 
200.8 (USEPA 1994) 
Polycyclic Aromatic Hydrocarbons 
(PAHs) 
EPA 610 (USEPA 1984) for dissolved 
PAHs analysis; EPA 3545 for particulate 
PAHs analysis (USEPA 1996) 
 
5.5.1 pH and Electrical Conductivity 
Immediately after the samples were transported to the laboratory, pH and EC of the 
collected samples were tested according to method APHA 4500-H+B and 2510B 
(APHA 2004). They were tested using a calibrated combined pH/EC meter. Two pH 
buffer solutions with pH 4.01 and pH 6.88 and a conductivity standard 1413µS/cm 
were used for calibrating the pH/EC meter. It was assumed that the influence of 
deionised water on pH and EC are insignificant. 
5.5.2 Particle Size Distribution 
PSD was analysed using a Malvern Mastersizer 3000 instrument (Figure 5.5). The 
Mastersizer 3000 uses a laser diffraction technique to measure particle size 
distributions from 0.01μm to 3.5mm. The instrument consists of three key 
components including sample dispersion unit, optical bench and instrument software 
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(see Figure 5.5). An appropriate amount of sample needs to be added to the 
dispersion unit and then delivered to the optical bench at a stable concentration for 
measurement. The optical bench emits a laser beam to pass through the dispersed 
samples and illuminates the particles. Then the intensity of the scattered light is 
measured by the detectors. The data are then analysed by the software to calculate 
the sizes of particles which creates the scatter pattern. 
As the build-up samples were preserved in water, an appropriate aliquot of sample 
was added to the dispersion units using a pipette. It is important to note that PSD is 
measured by Mastersizer is based on the volume of the sample. Therefore, the pipette 
procedure plays an important role in measurement. In order to analyse a 
representative sample, it was well mixed and a small volume from the approximate 
midpoint of the container was transferred by pipette for measuring. 
 
Figure 5.5 Malvern Mastersizer 3000 
5.5.3 Total Solids 
The concentration of total solids in the samples was determined according to method 
2540B (APHA 2004). Evaporating dishes were detergent-washed and rinsed with 
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deionised water. The clean dishes were then dried in the oven at 105
0
C for 1h to 
remove any moisture. The dried evaporating dishes were cooled in the desiccator 
before use. Immediately prior to use, the dishes were weighed using an analytical 
balance. A 50mL sample was transferred by pipette to a pre-weighed evaporating 
dish. Then the dish was dried in the oven at 105℃ for at least 1h, followed by 
cooling and weighing. Concentration of total solids was calculated using Equation 
5.5. 
 𝑆𝑜𝑙𝑖𝑑𝑠⁡𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛⁡[𝑔 𝑚𝐿⁄ ] = ⁡
𝛣 − 𝐴
50𝑚𝐿
 Equation 5.5 
where: A – weight of dry evaporating dishes [g]; 
B – weight of evaporating dishes and dried solids [g]. 
5.5.4 Organic Carbons 
Dissolved organic carbon (DOC) and particulate organic carbon were analysed 
separately. Loss-on-ignition (LOI) method (Rayment and Lyons 2011) was used to 
analyse organic carbon associated with solids. In order to ensure that there was no 
contamination during the analysis, glassware was pre-rinsed with acetone to remove 
any residual organics. According to the standard method, the filter paper and 
crucibles were heated in the muffle furnace prior to filtration. Vacuum filtration was 
conducted to separate particulates from the water samples. A 50mL sample was 
filtrated by passing through glass fibre filter paper ordered from Whatman. After 
filtration, the filter paper together with particulates remaining was transferred into a 
crucible and heated in the oven at 105
0
C for 24h to remove any moisture. The 
crucible was then weighed after cooling in the desiccators. After that, the crucible 
was placed in a pre-heated muffle furnace (see Figure 5.6a) at 550
0
C for 2h and 
weighed after cooling. The organic content was calculated using Equation 5.6. 
 𝑂𝐶⁡[𝑚𝑔 𝑚𝐿⁄ ] = ⁡
𝑊𝑒𝑖𝑔ℎ𝑡105𝐶 −𝑊𝑒𝑖𝑔ℎ𝑡550𝐶
50𝑚𝐿
 Equation 5.6 
where: 𝑊𝑒𝑖𝑔ℎ𝑡105𝐶 – weight of crucible and dry solids from drying oven [mg]; 
𝑊𝑒𝑖𝑔ℎ𝑡550𝐶 – weight of crucible and dry solids from muffle furnace [mg]. 
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The filtrate was used for DOC analysis. DOC of samples was measured using a 
Shimadzu TOC-VCSH Total Organic Carbon Analyser (see Figure 5.6b) according 
to method 5310C (APHA 2004). Total organic carbon (TOC) was obtained by 
adding the particulate organic carbon component and DOC. 
 
Figure 5.6 a. Muffle furnace; b. Shimadzu TOC-VCSH Total Organic Carbon 
Analyser 
5.5.5 Heavy Metals 
Digestion and analysis of HMs were conducted according to standard methods 
3030E (APHA 2004) and US EPA method 200.8 (USEPA 1994), respectively. 
Method 3030E describes nitric acid digestion for water samples. Mummullage 
(2015) and Gunawardena (2012) have identified this method was suitable to digest 
total recoverable metals (i.e. dissolved and particulate metals) in build-up samples. 
According to the method, nitric acid alone is adequate to digest most samples and 
nitrate is preferred by the instrument used for analysis. A hot block digester (see 
Figure 5.7) was used for digestion. It enables samples to be digested with minimum 
loss during heating. As per method 3030E, 50mL samples was transferred in a 
polyethylene vial and then added at least 2.5mL condensed (70%) double distilled 
nitric acid. The vials were placed in the hot block digester as shown in Figure 5.7. 
Samples were digested at a temperature of 95
0
C without boiling for about 2.5 hours 
under a fume hood. When samples were evaporated to 20mL, the vials were removed 
from heat and cooled. If the colour of the sample was still very yellow, more nitric 
acid was added and continued heating until a clear colour was observed. Digested 
samples were filtered to a plastic centrifuge tube using a 0.45µm PTFE membrane 
a b 
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syringe filter. After filtration, the volume was diluted back to 50mL using 
MilliQWater and refrigerated until analysis. 
 
Figure 5.7 Hot block digester 
The Agilent 8800 Triple Quadrupole Inductively Coupled Plasma Mass Spectrometer 
(ICP-MS) (Figure 5.8) was used to determine the concentrations of heavy metals 
according to US EPA method 200.8 (USEPA 1994). The ICP-MS used had the 
capability to detect heavy metal concentrations ranging from 0.001ppm to 0.005ppm.  
CRM was prepared at concentration of 1ppm of iron and 0.1ppm of the other eight 
heavy metals tested. The percent recovery of all CRM was within 85%-105% which 
met the limit specified in the method used. The RSD of the three replicates was 
always less than 10%, which was acceptable. 
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Figure 5.8 Agilent 8800 Triple Quadrupole ICP-MS 
5.5.6 Polycyclic Aromatic Hydrocarbons 
As described in Section 2.3.3, due to the hydrophobic property of PAHs and their 
strong association with solids, most PAHs are adsorbed to the particulates in the 
water samples. The aqueous and particulate PAHs were separately extracted. These 
two fractions were separated from the total sample using vacuum filtration. The 
filtrate was subjected to the analysis of aqueous PAHs while the solids remaining on 
the filter paper was used for analysing particulate PAHs. 
Aqueous PAHs was extracted by liquid-liquid extraction according to US EPA 
method 610 (USEPA 1984). Herngren (2005) and Gunawardena (2012) have noted 
that this method is suitable for extracting soluble PAHs in water samples. 
Dichloromethane (DCM) was used as the extraction solvent as per the method. First, 
60mL DCM was added to the separating funnel and shaken for 30 seconds to rinse 
the wall inside the funnel. Second, 250mL of sample was poured into the funnel and 
then 100µL surrogate standard (2µg) was added to the funnel. Third, the funnel was 
shaken for 2 min with periodic venting to release excess pressure. Followed by 
standing for minimum 10 min, the organic layer and water layer were separated from 
each other. Fourth, the organic layer was transferred into an Erlenmeyer flask. The 
second 60mL DCM was poured into the funnel and extraction was repeated by 
shaking, standing and transferring. Then a third 60mL DCM was added to the funnel 
and extracted using the same procedure. Finally, the 180mL DCM extract was dried 
with sodium sulphate (Na2SO4) in a burette, filtered through glass wool and 
concentrated to 3-5mL using a rotary evaporator (Herngren 2005). The Na2SO4 was 
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dried in the muffle furnace under 400
0
C for 4 hours and cooled down to room 
temperature in a desiccator prior to use. Then the concentrated DCM extract was 
blown down to 0.9mL under a gentle stream by pure nitrogen gas and transferred in a 
2mL vial using a Pasteur pipette. CRM was prepared by spiking 250mL deionised 
water with 100µL calibration standard (2µg) and treated the same as the samples. 
Percent recovery of aqueous CRM was always within 80%-96%, which is acceptable 
for analysis. 
Particulate PAHs were extracted by accelerated solvent extraction (ASE) which 
meets the requirements of method US EPA 3545 (USEPA 1996). This method is a 
procedure for extracting water insoluble or slightly water soluble semivolatile 
organic compounds from soils, clays, sediments, sludges, and solid waste. ASE is an 
extraction method using conventional liquid solvents at elevated temperatures and 
pressures. Increased temperature accelerates the extraction kinetics, and elevated 
pressure keeps the solvent below its boiling point, thus enabling safe and rapid 
extraction. Consequently, ASE takes much less time for analysis compared with 
conventional extraction methods such as soxhlet and ultrasonication extraction. As 
road dust contains large amounts of organics, the extraction normally needs clean-up 
procedures. Recently, new techniques have been developed to conduct clean-up and 
extraction simultaneously which saves time in sample preparation (Ghani et al. 
2007). Based on previous research (Jonsson et al. 2007; Lundstedt et al. 2006; Ong et 
al. 2003), the in-cell clean-up procedure was also introduced for sample testing. 
After filtration, the solids remaining on the filter paper was used for the extraction of 
particulate PAHs. Prior to extraction, the solids and filter paper were freeze dried. A 
33mL stainless steel cell was used for extraction and it was packed in sequence as 
follows: a 30mm glass fibre filter paper at the bottom of the cell, 12g silica gel, 
another glass fibre filter paper, mixed sample with Na2SO4. Silica gel was pre-
activated in the oven at 130
0
C for 24 hours and deactivated with 10% (w/w) 
deionised water. Na2SO4 was pre-activated in a muffle furnace at 550
0
C for 48 hours 
to remove any organics or water. A 100µL surrogate standard (2µg) was added to the 
mixture of samples and Na2SO4 before sealing the cell. If the cell was not full after 
adding the sample, it was then topped up with Na2SO4 for higher extraction 
efficiency. 
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A Dixon accelerated solvent extractor 300 (see Figure 5.9) was used for the 
extraction. Pre-set conditions of the extractor are given in Table 5.3. The extract was 
collected in a 250mL glass vial and evaporated to 3-5mL by a rotary evaporator and 
then further condensed to 0.9mL by a gentle stream of nitrogen gas. The remaining 
volume was transferred to a 2mL glass vial. CRM was prepared by spiking 1g sea 
sand (solid blank) with 100µL calibration standard (2µg) and treated the same as the 
samples. Precent recovery of particulate CRM was always within 75%-105% which 
is considered acceptable in the analysis. 
 
Figure 5.9 Dixon accelerated solvent extractor 300 
Table 5.3 Pre-set conditions for accelerated solvent extractor 
Temperature Pressure Heat 
time 
Static 
time 
Rinse 
volume 
Purge 
time 
Solvent Cycles 
150℃ 1500psi 7min 5min 100% 60 Hexane 2 
 
Prior to analysis, 100µL internal standard were added to the extract (0.9mL) to make 
the final volume for analysis to 1mL. The concentration of PAHs in the extract was 
analysed using a Shimadzu Gas Chromatograph and Mass Spectrometer (GC-MS) 
TQ8030 (see Figure 5.10). GC-MS consists of two components, Gas Chromatograph 
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(GC) and Mass Spectrometer (MS). Suitable operation parameters for GC-MS must 
be selected in method development for the instrument. 
 
Figure 5.10 Shimadzu GC-MS TQ8030 
As the analytical results were dependent on the calibration curve, a suitable 
calibration curve was developed prior to analysing the samples. Calibration standards 
and surrogate standards were prepared in six concentrations: 0.01ppm, 0.05ppm, 
0.1ppm, 0.5ppm, 1ppm and 5ppm to obtain the calibration curves for all components 
in the standards. The correlation coefficient (R
2
) of the calibration curves ranged 
from 0.9986 to 0.9998 which showed good linearity. As Benzo[k]flouranthene 
(B[k]F) was not included in the calibration standard, there were 15 PAHs analysed in 
the build-up samples. 
5.6 SUMMARY 
Sampling, preservation and analytical procedures were conducted according to 
standard methods. Nine HMs and fifteen PAHs were tested for the build-up samples 
as the main toxic chemical pollutants. Solids, OC, pH, EC and PSD were also tested 
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as they are influential parameters in relation to the adsorption to particles, speciation 
and bioavailability of HMs and PAHs. Quality control and quality assurance 
procedures adopted complied with standard procedures. The recovery for the sample 
analysis undertaken was within the accepted range. 
 
 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 95
Chapter 6: Assessing Pollutant 
Concentration in Stormwater 
6.1 BACKGROUND 
Human health risk is directly related to the concentrations of pollutants in stormwater 
(USEPA 1989). Therefore, accurate estimation of pollutant concentrations is an 
important requirement in risk assessment. Concentration of pollutants in stormwater 
runoff is primarily influenced by the load and type of pollutants built-up on urban 
surfaces prior to a rain event. Concentrations of pollutants are also influenced by a 
range of rainfall and runoff related factors. Therefore, the estimation of pollutant 
concentrations in stormwater need accurate assessment of the pollutant loads in 
build-up and identification of the influential rainfall factors. 
According to the research methodology presented in Chapter 3, the initial step in the 
data analysis procedure was to convert pollutant loads in build-up obtained to 
concentrations of pollutants in stormwater runoff for a range of rainfall events. The 
build-up loads of pollutants were obtained from sample testing discussed in Chapter 
5. The concentrations of pollutants in stormwater derived from the analysis discussed 
in this chapter provided the foundation for the subsequent risk assessment of 
pollutants in stormwater. 
This chapter initially presents the estimation of pollutant concentrations in 
stormwater. As traffic and land use characteristics impose the most significant 
impact on concentrations of pollutants in stormwater, mathematical equations were 
then derived to relate the estimated concentrations of toxic chemical pollutants to 
traffic and land use factors. 
6.2 SOLIDS CONCENTRATION IN STORMWATER RUNOFF 
The average pollutant concentration in stormwater from a rainfall event is best 
characterised by event mean concentration (EMC). EMC for an individual rainfall 
event is defined as the total pollutant load divided by the total runoff volume (Lee 
and Bang 2000). 
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Accordingly, the EMC of total solids (TS) in stormwater was estimated. As chemical 
pollutants are primarily transported by solids during rainfall events, the chemical 
pollutant concentrations in stormwater were determined using TS concentrations. 
The translation procedure for the solids load in build-up to EMC in stormwater 
consisted of two parts; stormwater quality component and rainfall-runoff component 
as illustrated in Figure 6.1. 
 
Figure 6.1 Process to estimate EMC of TS 
As illustrated in Figure 6.1, the stormwater quality component consisted of pollutant 
build-up replication, wash-off replication and impervious area calculation. Build-up 
and wash-off replication was based on two mathematical equations, namely, build-up 
equation introduced by Sartor et al. (1974) and the fraction wash-off equation which 
was developed by Egodawatta (2007). The rainfall-runoff component was estimated 
through hydrologic and hydraulic simulation using computer modelling. 
Rainfall Data Selection 
Build-up 
Replication 
Wash-off 
Replication 
Hydrologic and 
Hydraulic Simulation 
Runoff Volume TS Load 
EMC⁡of⁡TS =
TS⁡load
runoff⁡volume
 
mathematical equation computer model 
Impervious Area 
Calculation 
Stormwater 
quality 
Rainfall-runoff 
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6.2.1 Rainfall Data Selection 
The concentrations of TS in stormwater are influenced by rainfall characteristics. In 
order to accurately estimate TS load and runoff volume, a data set consisting of 
appropriate rainfall events were selected. The selection procedure consisted of the 
following steps: 
 selection of appropriate rainfall stations; 
 selection of a representative rainfall year; 
 selection of appropriate rainfall events. 
A. Selection of appropriate rainfall stations 
For the selection of rainfall stations, the distances from available stations to study 
sites were considered as important. Accordingly, two rainfall stations were selected 
as being the closest to the study sites. They were; Gold Coast Seaway (station 
number: 040764) and Hinze Dam (station number: 040584). The locations of the two 
rainfall stations and the study suburbs are shown in Figure 6.2. The rainfall data 
recorded by Gold Coast Seaway were applied to study sites in Surfers Paradise and 
Benowa suburbs while data from Hinze Dam were applied to study sites in Nerang, 
Clearview Estate and Advancetown suburbs. 
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Figure 6.2 Locations of rainfall stations and study suburbs 
B. Selection of a representative year 
The closest year to long term average rainfall characteristics applicable to the two 
stations was selected as the representative year. As build-up sample collection was 
undertaken in the year 2014, the rainfall data recorded over the previous decade from 
2004 to 2013 were taken into consideration for the selection of a representative year. 
Rainfall data were obtained from the Australian Bureau of Meteorology. The annual 
rainfall depth for each year for the two rainfall stations was extracted as shown in 
Figure 6.3 and 6.4. The average annual rainfall depth during the last ten years for 
Gold Coast Seaway station was 1390.5mm and for Hinze Dam station it was 
1491.8mm. As shown in Figure 6.3, rainfall depths in year 2008 and 2009 are the 
closest to the average annual rainfall depth recorded at the two stations. However, 
some rainfall data for 2009 were missing from the data supplied by the Australian 
Bureau of Meteorology. Therefore, year 2008 was selected as the representative year 
for this project. 
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Figure 6.3 Annual rainfall depths of last ten years at Gold Coast Seaway 
 
Figure 6.4 Annual rainfall depths of last ten years at Hinze Dam 
C. Selection of appropriate rainfall events 
The original rainfall data obtained from Bureau of Meteorology was rainfall depth 
(mm) in one minute time steps. The original rainfall data was then converted to 
rainfall intensity (mm/h) for 5 minute time steps. According to Egodawatta (2007), 
rainfall with intensity less than 5mm/h is not able to dislodge solids deposited on 
road surfaces. Therefore, the rainfall intensities greater than 5mm/h were selected 
while the periods with rainfall intensity less than 5mm/h were treated as dry periods. 
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Using this criterion, the rainfall events were then selected. If the interval between 
two rainfall bursts was less than 24h, then the data set was considered as one event. 
Otherwise, they were separated into two different rainfall events. Accordingly, 57 
rainfall events were selected from the Gold Coast Seaway and 55 rainfall events from 
Hinze Dam rainfall records. After identification of the rainfall events, the number of 
dry days between every two consequent events was determined throughout the whole 
year and was used for build-up estimation. 
6.2.2 Total Solids Load Estimation 
A. Build-up Replication 
As mentioned in Section 2.5.1, a range of build-up equations have been developed to 
estimate build-up in the form of linear, power, reciprocal and hyperbolic equations 
(Arora and Reddy 2014; Ball et al. 1998; Gunawardena et al. 2014; Kim et al. 2006). 
This research project used the power equation developed by Sartor et al. (1974) to 
estimate the build-up load of total solids on impervious surfaces in the study areas. 
The build-up equation is shown as Equation 6.1. The reason for using this equation is 
that it has been found to give satisfactory results in previous related research studies 
(Egodawatta 2007; Gunawardana 2011; Liu 2011). 
 𝐵 = 𝑎𝐷𝑏 Equation 6.1 
where: 𝐵 – total solids build-up load on roads (g/m2); 
𝐷 – antecedent dry periods in days; 
𝑎, 𝑏 – coefficients. 
This equation describes build-up of solids on road surfaces over the antecedent dry 
days which approaches the maximum load after 21 dry days (Liu et al. 2012b). 
According to Egodawatta (2007), the power equation can be applied to both road and 
roof surfaces. However, the accumulation rates on the two types of surfaces are 
different. Consequently, the multiplication coefficient 𝑎 and power coefficient 𝑏 are 
different for road and roof surfaces. Accordingly, build-up of solids on road and roof 
surfaces was estimated separately. 
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Build-up on Road Surfaces 
As noted by Egodawatta (2007), build-up rate on road surfaces is significantly 
influenced by the pre-existing solids amount. Pre-existing solids is termed as the 
solids already available on an impervious surface immediately after a rain event due 
to incomplete wash-off. According to Egodawatta (2007), if the pre-existing build-up 
is greater than the two-day equivalent build-up, then the build-up variation is 
estimated as a linear variation up to the maximum build-up on road surfaces (note the 
red line in Figure 6.5). In the case where pre-existing build-up is less than the two-
day equivalent build-up, then the variation is dependent on the number of antecedent 
dry days. The two-day equivalent build-up (Btwodayeq) is a critical demarcation point 
and it is calculated using Equation6.2. 
 𝐵𝑡𝑤𝑜𝑑𝑎𝑦𝑒𝑞 = 𝑎 × 2
𝑏 Equation 6.2 
where: 𝐵𝑡𝑤𝑜𝑑𝑎𝑦𝑒𝑞 – two-day equivalent build-up on roads (g/m
2
); 
𝑎, 𝑏 – coefficients. 
Build-up rate is rapid within the first two dry days and increases gradually after two 
days. Within the region less than two days, pollutant build-up is assumed to vary 
linearly (note the blue line in Figure 6.5), while the variation is based on the power 
equation once the dry days are longer than two days (i.e. the black line in Figure 6.5). 
If the antecedent dry days are greater than 21 days, the build-up load will remain 
stable (i.e. the maximum build-up load). Accordingly, the estimation procedure 
adopted for build-up variation on road surfaces is illustrated in Figure 6.6. 
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Figure 6.5 Build-up on road surfaces (Adapted from Egodawatta (2007)) 
 
Figure 6.6 Prediction procedure for build-up on road surfaces 
Build-up on Roof Surfaces 
Roof surface is another type of impervious surface in an urban catchment. In order to 
evaluate the load of TS in stormwater from an urban area, build-up solids load on 
roofs were also estimated. Due to the high fraction of wash-off from roof surfaces 
which result from most of the common rainfall events, the pre-existing build-up was 
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not taken into consideration (Egodawatta 2007). Similar to build-up on road surfaces, 
the build-up on roof surfaces was assumed to be a linear variation for the first two 
dry days and a power variation after two days as illustrated in Figure 6.7. Egodawatta 
(2007) has derived build-up equations for road and roof surfaces based on a typical 
residential area within the Gold Coast region. In that study, build-up equations for 
road and roof surfaces were derived as shown in Table 6.1. Equations given in Table 
6.1 has assumed the condition that the initial build-up is zero as pre-existing build-up 
was not considered for roof surfaces. 
Table 6.1 Build-up equations derived for road and roof surfaces in the study 
area investigated by Egodawatta (2007) (initial build-up is zero) 
Number of antecedent 
dry days (D) 
Built-up on roads (𝑩𝑹𝒅) 
(g/m
2
) 
Built-up on roofs (𝑩𝑹𝒇 ) 
(g/m
2
) 
D < 2 Linear variation: 
𝐵𝑅𝑑 =
1.65 × 20.16
2
× 𝐷
= 0.92 × 𝐷 
Linear variation: 
𝐵𝑅𝑓 =
0.43 × 𝐷0.266
2
× 𝐷
= 0.26 × 𝐷 
D ≥ 2 Power variation: 
𝐵𝑅𝑑 = 1.65 × 𝐷
0.16 
Power variation: 
𝐵𝑅𝑓 = 0.43 × 𝐷
0.266 
 
Pollutants built-up on roof surfaces primarily originate from atmospheric deposition 
(Van Metre and Mahler 2003). The build-up rate and pollutant types are influenced 
by regional properties such as traffic characteristics and land use activities in the 
surrounding area (Egodawatta et al. 2009). As build-up of pollutants on road surfaces 
is also dependent on site characteristics, the relationship between pollutant build-up 
on road and roof surfaces is mathematically specific according to the build-up 
equations given in Table 6.1. The relationship between build-up load on roads and 
roofs is summarised in Table 6.2. 
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Table 6.2 Relationship between 𝑩𝑹𝒅 and 𝑩𝑹𝒇 (initial build-up is zero) 
Number of antecedent dry days (D) Relationship between 𝑩𝑹𝒅 and 𝑩𝑹𝒇 
D < 2 𝐵𝑅𝑑
𝐵𝑅𝑓
=
0.92 × 𝐷
0.26 × 𝐷
=
0.92
0.26
 
D ≥ 2 𝐵𝑅𝑑
𝐵𝑅𝑓
=
1.65 × 𝐷0.16
0.43 × 𝐷0.266
 
 
Based on Table 6.2, the estimation of build-up on roof surfaces was based on the 
equations given in Table 6.3. The estimation of build-up on roof surfaces is 
illustrated in Figure 6.7. 
Table 6.3 Equations of estimating build-up on roofs (𝑩𝑹𝒇) 
Number of antecedent dry days (D) 𝑩𝑹𝒇 (g/m
2
) 
D < 2 
𝐵𝑅𝑓 =
0.26
0.92
× 𝐵𝑅𝑑 
D ≥ 2 
𝐵𝑅𝑓 =
0.43 × 𝐷0.266
1.65 × 𝐷0.16
× 𝐵𝑅𝑑 
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Figure 6.7 Build-up on roof surfaces 
Calculation of the build-up on road and roof surfaces according to the above 
procedures was undertaken via Visual Basic Macros in Microsoft Excel. An example 
of the Visual Basic codes is given in Appendix B. 
Coefficient Estimation for Build-up Equation for Roads 
As discussed in Section 2.5.1, the build-up coefficients can vary due to a range of 
site specific characteristics. Since the estimation of build-up on roof surfaces is 
influenced by the build-up on road surfaces, it was critical to estimate the 
multiplication and power coefficients in the build-up equation for road surfaces. 
Egodawatta (2007) estimated the value of the power coefficient b as a constant 0.16 
for typical bitumen surfaces and it is only recommended to be changed if the road 
surface type is different (Egodawatta 2007; Gunawardena 2012). Since the road 
surfaces for the selected road sites in this project were all bitumen surfaces, the same 
value was assigned to the power coefficient b in the build-up equations. 
The estimation of the multiplication coefficient a was determined based on actual 
build-up data collected as explained in Chapter 5. The data was collected in 2014 and 
the sampling dates for the study sites are shown in Table 6.4. Table 6.4 also 
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summarises the solids build-up loads at the road study sites. The rainfall data for the 
year 2014 recorded by Gold Coast Seaway and Hinze Dam were obtained from the 
Bureau of Meteorology. The applicable rainfall events for 2014 were selected 
according to the methodology discussed in Section 6.2.1. 
Table 6.4 Sampling dates for the five suburbs in 2014 
Suburbs Study Sites 1
st
 
Sampling 
Date 
Solids 
Build-up 
[g/m
2
] 
2
nd
 
Sampling 
Date 
Solids 
Build-up 
[g/m
2
] 
Surfers 
Paradise 
Hobgen St 22/04/2014 39.88 31/07/2014 7.06 
St Paul Pl 22/04/2014 6.55 31/07/2014 3.06 
Thornton St 22/04/2014 84.29 31/07/2014 13.41 
Via Roma Dr 22/04/2014 2.49 31/07/2014 2.06 
Benowa De Haviland Av 30/07/2014 6.81 05/09/2014 4.18 
Mediterranean Dr 30/07/2014 3.96 05/09/2014 11.44 
Strathaird Rd 30/07/2014 9.02 05/09/2014 1.98 
Village High Rd 30/07/2014 1.57 05/09/2014 2.02 
Nerang Hilldon Ct 29/05/2014 2.23 04/09/2014 1.76 
Lawrence Dr 29/05/2014 14.86 04/09/2014 2.94 
Patrick Rd 29/05/2014 11.27 04/09/2014 40.43 
Stevens St 29/05/2014 7.87 04/09/2014 5.00 
Clearview 
Estate 
Carine Ct 30/07/2014 2.45 05/09/2014 3.80 
Merloo Dr 30/07/2014 3.97 05/09/2014 1.82 
Winchester Dr 30/07/2014 3.73 05/09/2014 0.75 
Yarrimbah Dr 30/07/2014 8.91 05/09/2014 2.45 
Advancetown Latimers Crossing Rd 29/05/2014 1.31 04/09/2014 2.06 
Nerang-Murwillumbah Rd 29/05/2014 0.67 04/09/2014 1.19 
Parkway Dr 29/05/2014 5.04 04/09/2014 17.56 
Tangara Rd 29/05/2014 5.57 04/09/2014 62.71 
 
According to the rainfall events in 2014 recorded at Gold Coast Seaway, there were 
24 dry days before the rainfall event on 22 July. Since the number of antecedent dry 
days was greater than 21, the build-up load on roads can be considered as close to 
maximum feasible load before the start of rainfall event on 22 July. As can be seen 
from Table 6.4, the second sampling date in Surfers Paradise was on 31 July and the 
first sampling date in Benowa was on 30 July. Based on the characteristics of the 
events that occurred, the pollutant loads in Surfers Paradise and Benowa sites can be 
estimated by replicating build-up and wash-off prediction equations from 22 July to 
the sampling date (Section 6.2.2B). Comparison of these estimations with collected 
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sample loads as noted in Table 6.4 enabled adjustments to variable a so that the 
difference between estimated pollutant loads and measured loads are minimal. By 
this way, suitable values for a were estimated and the outcomes are summarised in 
Table 6.5. 
In terms of Nerang, Clearview Estate and Advancetown, the rainfall events in 2014 
were derived from the records at Hinze Dam station. The fraction wash-off for each 
rainfall event was calculated according to Section 6.2.2B. According to the fraction 
wash-off of rainfall events in 2014, the rainfall event on 28 March washed off 
96.48% of the built-up solids. The remaining build-up on the road surfaces was 
assumed to be small. Therefore, the build-up load on the roads can be estimated from 
28 March to the sampling date for build-up and for fraction wash-off estimation 
(Section 6.2.2B). The solution of the build-up equation was derived according to the 
actual solids build-up and the estimation results are summarised in Table 6.5. 
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Table 6.5 Estimation results for the multiplication coefficient a for the study 
sites 
Suburbs Study Sites a 
Surfers Paradise 
 
Hobgen St 4.35 
St Paul Pl 1.89 
Thornton St 8.26 
Via Roma Dr 1.27 
Benowa 
 
De Haviland Av 4.20 
Mediterranean Dr 2.44 
Strathaird Rd 5.56 
Village High Rd 0.97 
Nerang 
 
Hilldon Ct 1.56 
Lawrence Dr 10.41 
Patrick Rd 7.89 
Stevens St 5.51 
Clearview Estate 
 
Carine Ct 1.57 
Merloo Dr 2.54 
Winchester Dr 2.38 
Yarrimbah Dr 5.69 
Advancetown 
 
Latimers Crossing Rd 1.32 
Nerang-Murwillumbah Rd 0.47 
Parkway Dr 3.53 
Tangara Rd 3.90 
 
B. Wash-off Replication 
As discussed in Section 2.5.2, the fraction wash-off of solids by stormwater from 
road and roof surfaces were estimated by the wash-off equation developed by 
Egodawatta (2007). The wash-off equation is given as Equation 6.3. 
 𝐹𝑊 =
𝑊
𝑊0
= 𝐶𝐹(1 − 𝑒
−𝐾𝐼𝑡) Equation 6.3 
where: 𝐹𝑊 – fraction wash-off; 
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𝐶𝐹 – capacity factor; 
𝑊 – weight of solids washed-off after time t; 
𝑊0 – initial weight of solids on road surfaces; 
𝐾 – wash-off coefficient; 
𝐼 – rainfall intensity. 
As given in the equation, fraction wash-off is significantly influenced by rainfall 
intensity. According to Egodawatta (2007), the equation would be valid in the range 
of 5 to 133mm/h for road surfaces and 5 to 115mm/h for roof surfaces. Calculation 
of FW for each rainfall event was undertaken using the macro codes written by 
Egodawatta (2007).  
Coefficients used in the wash-off equation were according to the values 
recommended by Egodawatta (2007). The capacity factor which was discussed in 
Section 2.5.2 was considered to vary with rainfall intensity as shown in Table 6.6 and 
6.7. The wash-off coefficient K was taken as a constant for all rainfall intensity 
values for both surface types. 
Table 6.6 Coefficients used for wash-off estimation for road surfaces 
(Egodawatta 2007) 
Coefficients Rainfall intensity Value 
Capacity factor (CF) 5 to 40 mm/hr ( 0.01 x I ) + 0.1 
40 to 90 mm/hr 0.5 
90 to 133 mm/hr (0.0098 x I ) – 0.38 
Wash-off coefficient (K) All intensities 8 x 10
-4
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Table 6.7 Coefficients used for wash-off estimation for roof surfaces 
(Egodawatta 2007) 
Coefficients Rainfall intensity Value 
Capacity factor (CF) 5 to 40 mm/hr ( 0.008 x I ) + 0.59 
40 to 90 mm/hr 0.91 
90 to 115 mm/hr (0.0036 x I ) + 0.59 
Wash-off coefficient (K) All intensities 9.33 x 10
-3
 
 
C. Impervious Area Calculation 
Simulations of build-up and wash-off were undertaken at small-plot scale. Hence, 
this requires extrapolation to catchment scale to estimate the quality of stormwater 
from a catchment (Egodawatta 2007). Accordingly, a unit catchment was selected at 
each sampling site so that the water quality values from these catchments can be used 
for risk assessment. It was assumed that the build-up of pollutants was the same in all 
of the road surfaces in the unit catchment at the investigated site. The unit catchment 
was defined as having a rectangular shape with 100m length of road and an 
appropriate width to cover the complete urban lots beside the road (see Figure 6.8). 
The unit catchment was selected such that the sampling site was located in the 
middle of it. Driveways within the unit catchment were considered to be similar to 
the road surfaces due to involvement of similar pollutant sources and processes as the 
road surfaces (Egodawatta 2007). 
Impervious area of the unit catchments including roads, driveways and roofs were 
calculated using Google Earth and ArcMap 10.1 software. Google Earth provides a 
clear aerial view and accordingly the road and roof areas within the unit catchment 
can be drawn as polygons. Figure 6.8 provides an example of such an exercise to 
show the demarcations of road and roof surfaces in the unit catchment for Yarrimbah 
Drive. Secondly, the defined areas were converted as a map layer in ArcMap 10.1 
and the area of the impervious surfaces and the unit catchment was calculated. The 
unit catchment with road and roofs shown in ArcMap is given in Figure 6.9 and the 
calculation result is tabulated in Table 6.8. The area of the unit catchment and road 
and roof areas of the study sites are presented in Table 6.9. Since Advancetown is a 
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mostly natural area, there were no houses present in the unit catchment within the 
four sites in this suburb and therefore, the roof area was zero. 
 
Figure 6.8 Demarcations of road and roof area at Yarrimbah Drive 
Road 
Roof 
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Figure 6.9 Area calculation of road and roof area at Yarrimbah Drive 
 
Table 6.8 Area of road and roof surfaces for Yarrimbah Drive 
Yarrimbah Drive Area[m
2
] Area[m
2
] 
Road 1208 Road Area 
1637 Driveway1 68 
Driveway2 77 
Driveway3 68 
Driveway4 67 
Driveway5 31 
Driveway6 36 
Driveway7 59 
Driveway8 23 
Roof1 288 Roof Area 
2047 Roof2 270 
Roof3 285 
Roof4 190 
Roof5 236 
Roof6 213 
Roof7 298 
Roof8 267 
Road 
Roof 
Unit 
catchment 
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Table 6.9 Cumulative area of road and roof surfaces for the study sites 
Suburbs Study Sites Unit Catchment 
Area [m
2
] 
Road Area 
[m
2
] 
Roof Area 
[m
2
] 
Surfers 
Paradise 
Hobgen St 22337 2995 3027 
St Paul Place 10165 1578 2773 
Thornton St 10000 1961 1963 
Via Roma Dr 11888 1898 2481 
Benowa De Haviland Av 10041 1550 3072 
Mediterranean Dr 7011 1732 1107 
Strathaird Rd 18193 3706 7856 
Village High Rd 10086 1781 2809 
Nerang Hilldon Ct 12495 4040 3863 
Lawrence Dr 16001 2798 8740 
Patrick Rd 7403 2624 1475 
Stevens St 13081 3164 4507 
Clearview 
Estate 
Carine Ct 7359 1129 1998 
Merloo Dr 9609 1433 2239 
Winchester Dr 7550 827 844 
Yarrimbah Dr 10062 1637 2047 
Advancetown Latimers Crossing Rd 10000 1076 0 
Nerang-Murwillumbah Rd 10000 1132 0 
Parkway Dr 10000 576 0 
Tangara Rd 10000 1120 0 
 
Based on the estimated build-up, wash-off and road and roof areas, the wash-off of 
TS load from a single rainfall event was estimated as given in Table 6.10. 
Table 6.10 TS load estimation 
Build-up 
Replication (g/m
2
) 
Wash-off 
Replication 
Impervious Area 
Estimation (m
2
) 
Wash-off TS Load (g) 
Road Roof  Road Roof Road  Roof Road and Roof 
BRd 
 
BRf 
 
FWRd FWRf ARd ARf WEvent = BRd× FWRd × ARd 
+ BRf× FWRf × ARf 
 
6.2.3 Runoff Volume Estimation 
Accurate estimation of stormwater runoff volume was required in order to determine 
the stormwater quality originating from the unit catchments. This was undertaken 
using hydrologic and hydraulic simulation. As discussed in Section 3.4.1, hydrologic 
and hydraulic simulation was undertaken using the MOUSE model provided in 
MIKE URBAN. More information regarding the modelling software is provided in 
Section 3.4.1. Simulation procedure was conducted in the following four steps: 
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 input of catchment data; 
 defining the time series; 
 input of network data; 
 catchment and network simulation. 
A. Catchment data 
Road and roof surfaces were identified as the primary impervious surfaces 
contributing to runoff during rainfall events. Based on this, stormwater runoff from 
road and roof surfaces was simulated. This was to compare the estimations of TS 
loads obtained using build-up and wash-off simulations on roads and roofs. By this 
way, differences in initial losses occurring on roads and roofs were taken into 
account. In this simulation, the initial loss was assumed as 0.5mm for roof surfaces 
and 5mm for road surfaces (Egodawatta 2007). 
As discussed in Section 3.4.1, pervious areas also generate runoff if the rainfall depth 
is high. This is due to high initial losses in pervious areas compared to impervious 
areas. Australian Rainfall and Runoff note that initial loss in Eastern Queensland 
ranges from 15 to 35mm (Pilgrim 2001). This indicates that the lower limit for a 
rainfall event to produce runoff is 15mm. Accordingly, the initial loss for pervious 
area was assumed to be 15mm. Therefore, based on the initial loss, the unit 
catchment was divided to three types of sub-catchments and defined in the 
hydrologic model to represent road, roof and pervious areas. 
According to Section 3.4.1, Model C1 in MIKE URBAN was used to simulate the 
hydrologic processes. Input data for this model included the area of the three sub-
catchments in terms of pervious, road and roof surfaces. The area of road and roof 
surfaces was obtained from Table 6.9 and the pervious area was calculated by 
subtracting the road and roof area from the unit catchment area. Results of pervious 
area within the unit catchment at the study sites are given in Table 6.11. In addition 
to surface area, other parameters for the three sub-catchments excluding initial loss 
were applied as default values by the model. The input parameters can be found in 
Appendix C. 
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Table 6.11 Area of pervious surfaces within the unit catchment 
Study Sites Pervious area [m
2
] 
Hobgen St 16315 
St Paul Place 5814 
Thornton St 6076 
Via Roma Dr 7509 
De Haviland Av 5419 
Mediterranean Dr 4172 
Strathaird Rd 6631 
Village High Rd 5496 
Hilldon Ct 4592 
Lawrence Dr 4463 
Patrick Rd 3304 
Stevens St 5410 
Carine Ct 4232 
Merloo Dr 5937 
Winchester Dr 5879 
Yarrimbah Dr 6378 
Latimers Crossing Rd 8924 
Nerang-Murwillumbah Rd 8868 
Parkway Dr 9424 
Tangara Rd 8880 
 
B. Time series 
Time series represent the input rainfall data such as rainfall intensity and depth, to be 
used in hydrologic simulation. The rainfall data used in this project were derived 
from the rainfall events selected for wash-off estimation. Time series were defined in 
the form of rainfall depth for one minute (mm). An example derivation of the time 
series is given in Figure 6.10. After defining the time series, the catchment data was 
combined with the rainfall data for simulation. 
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Figure 6.10 An example of time series defined in MOUSE 
C. Network data 
Three sub-catchments within the unit catchment were defined in terms of road, roof 
and pervious areas. The rainfall-runoff generated from the three sub-catchments was 
assumed to drain into one node and to flow to the outlet of the unit catchment. Figure 
6.11 illustrates an example of the model. As can be seen from Figure 6.11, the runoff 
from the sub-catchments accumulate together first and then flows to the outlet. 
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Figure 6.11 Sub-catchments and networks in the hydrologic model 
D. Catchment and network simulation 
Hydrologic and hydraulic simulation was conducted using the MOUSE model. The 
simulation results were obtained as runoff volume from the three sub-catchments in 
terms of road, roof and pervious areas. Total stormwater runoff volume from the unit 
catchment was calculated as the cumulative stormwater volume from the three sub-
catchments. The estimated stormwater runoff volume from the unit catchments for 
the twenty study sites are given in Appendix D. 
6.2.4 EMC of TS in Stormwater Runoff 
EMC of TS was calculated as the ratio of wash-off load and stormwater runoff 
volume derived from the methodology discussed above. The initial build-up load of 
TS for the first rainfall event of the year was assumed to be the maximum load. The 
EMC of TS for each rainfall event for the whole year was estimated. The results of 
EMC of TS for the representative year 2008 are given in Table 6.12 to 6.16. 
 
Node 
Pervious surfaces 
Roof surfaces 
Road surfaces 
Outlet 
Runoff from pervious surfaces 
Runoff from roof surfaces 
Runoff from road surfaces 
Runoff from unit catchment 
 118 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 
Table 6.12 Estimated EMC of TS from each rainfall event at Surfers Paradise for the representative year 2008 
Event 
Number 
EMC of TS from each rainfall event in 2008 [ppm] Event 
Number 
EMC of TS from each rainfall event in 2008 [ppm] 
Hobgen St St Paul Pl Thornton St Via Roma Dr Hobgen St St Paul Pl Thornton St Via Roma Dr 
1 14.99 7.50 35.39 4.97 30 19.95 11.32 49.14 7.08 
2 6930.55 2892.71 10250.14 1948.95 31 N/A N/A N/A N/A 
3 63.14 29.76 120.09 19.23 32 101.17 46.92 193.04 30.53 
4 137.41 54.01 262.70 38.06 33 23.07 13.07 50.76 7.97 
5 93.00 41.57 177.30 27.61 34 N/A N/A N/A N/A 
6 551.83 217.38 1067.94 154.33 35 17.32 9.56 41.01 6.01 
7 48.75 24.56 110.74 16.06 36 210.55 83.89 401.54 59.11 
8 20.81 10.61 49.02 6.95 37 544.71 216.10 1032.61 150.97 
9 26.20 13.47 49.74 8.34 38 N/A N/A N/A N/A 
10 30.30 16.14 65.91 10.13 39 44.35 22.96 102.61 14.85 
11 393.07 159.62 745.83 111.50 40 N/A N/A N/A N/A 
12 119.07 51.85 226.24 34.89 41 57.13 26.24 124.00 17.78 
13 105.41 46.74 200.72 31.08 42 88.81 36.35 169.25 25.21 
14 1309.02 522.74 2420.77 365.36 43 143.43 59.26 273.41 40.88 
15 541.94 219.27 1053.51 153.60 44 568.05 237.20 1089.35 163.36 
16 599.18 248.96 1232.39 170.11 45 32.59 14.30 67.19 9.78 
17 1084.66 428.87 2046.61 293.15 46 275.66 111.57 528.37 77.62 
18 N/A N/A 5831.13 1104.39 47 79.02 34.27 150.69 23.06 
19 191.17 81.24 364.54 55.35 48 6.98 3.63 17.98 2.41 
20 232.84 86.11 448.04 62.55 49 7.77 4.30 20.59 2.78 
21 133.94 58.42 254.78 39.22 50 189.58 74.63 948.34 52.80 
22 64.34 28.75 134.18 19.53 51 291.27 120.28 554.60 82.47 
23 53.22 23.77 101.25 15.75 52 134.17 60.79 255.51 40.05 
24 2334.08 959.47 4522.85 660.37 53 225.20 90.55 429.69 63.26 
25 684.09 266.57 1279.23 189.05 54 101.18 42.84 200.01 29.49 
26 22.92 10.14 47.46 6.92 55 377.54 149.44 732.15 104.76 
27 N/A N/A N/A N/A 56 30.86 15.17 73.60 10.18 
28 92.17 38.83 175.59 26.49 57 70.49 32.55 134.23 21.18 
29 106.94 47.71 203.39 31.62      
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Table 6.13 Estimated EMC of TS from each rainfall event at Benowa for the representative year 2008 
Event 
Number 
EMC of TS from each rainfall event in 2008 [ppm] Event 
Number 
EMC of TS from each rainfall event in 2008 [ppm] 
De Haviland Av Mediterranean Dr Strathaird Rd Village High Rd De Haviland Av Mediterranean Dr Strathaird Rd Village High Rd 
1 16.84 11.60 25.34 4.06 30 26.03 15.38 41.06 6.08 
2 7785.07 4491.15 8757.29 1513.26 31 N/A N/A N/A N/A 
3 67.03 32.64 89.27 15.04 32 105.44 53.28 140.15 23.78 
4 117.07 87.09 153.51 28.17 33 30.21 13.96 44.03 6.73 
5 92.85 50.89 123.11 21.21 34 N/A N/A N/A N/A 
6 473.76 353.62 625.38 113.08 35 21.91 12.59 33.42 5.08 
7 55.40 34.91 81.16 13.07 36 183.82 128.41 241.04 43.78 
8 23.91 15.86 35.97 5.72 37 475.47 340.57 619.91 111.97 
9 30.79 12.29 41.35 6.72 38 N/A N/A N/A N/A 
10 36.90 18.97 53.06 8.37 39 51.96 32.26 77.29 12.24 
11 350.11 243.45 461.08 82.80 40 N/A N/A N/A N/A 
12 115.13 66.90 152.15 26.57 41 58.16 40.08 82.00 13.96 
13 104.08 58.25 137.95 23.85 42 79.91 52.54 104.88 18.87 
14 1205.08 740.04 1555.60 274.09 43 130.49 84.24 171.72 30.68 
15 481.29 338.06 627.86 113.15 44 511.81 348.95 680.64 121.15 
16 522.59 416.81 692.52 131.54 45 31.55 21.30 43.15 7.53 
17 925.45 644.22 1235.06 226.08 46 243.59 169.98 321.79 57.60 
18 2927.51 2061.93 4231.47 627.40 47 76.08 44.53 100.55 17.60 
19 179.50 110.31 236.73 41.76 48 8.15 6.21 13.22 2.02 
20 185.38 157.95 241.16 45.14 49 9.80 7.01 16.50 2.40 
21 129.97 74.72 171.99 29.95 50 162.80 117.53 212.96 38.89 
22 63.69 42.56 87.66 15.14 51 263.12 174.10 347.90 61.91 
23 53.07 29.17 70.37 12.12 52 136.00 72.47 180.44 30.94 
24 2125.87 1426.80 2812.82 503.84 53 197.74 137.27 259.57 46.92 
25 581.90 442.77 766.06 137.95 54 94.34 62.65 126.14 22.38 
26 22.42 15.02 30.76 5.34 55 329.01 240.93 433.88 78.97 
27 N/A N/A N/A N/A 56 33.86 24.65 51.09 8.27 
28 85.76 53.18 113.23 20.05 57 73.10 37.11 97.03 16.54 
29 106.53 58.63 141.22 24.38      
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Table 6.14 Estimated EMC of TS from each rainfall event at Nerang for the representative year 2008 
Event 
Number 
EMC of TS from each rainfall event in 2008 [ppm] Event 
Number 
EMC of TS from each rainfall event in 2008 [ppm] 
Hilldon Ct Lawrence Dr Patrick Rd Stevens St Hilldon Ct Lawrence Dr Patrick Rd Stevens St 
1 5.93 30.58 31.23 17.74 29 159.37 876.61 949.52 514.18 
2 57.54 367.44 321.51 200.89 30 52.55 291.30 292.89 172.83 
3 25.12 190.50 116.16 93.80 31 27.27 216.36 123.82 103.40 
4 245.39 1482.61 1327.64 843.07 32 516.18 3066.82 2590.02 1752.61 
5 18.50 124.92 93.17 65.61 33 1417.30 9829.25 8885.60 5615.58 
6 140.65 827.38 796.32 466.16 34 11.58 96.53 50.94 44.82 
7 176.50 1038.70 975.70 588.13 35 133.94 836.55 717.71 453.19 
8 46.38 317.51 231.52 165.33 36 13.05 70.53 70.07 41.23 
9 3.19 15.54 16.80 9.21 37 145.45 876.86 807.07 491.63 
10 17.25 109.91 89.57 59.84 38 43.92 336.41 202.78 164.67 
11 231.62 1419.15 1297.48 813.49 39 60.32 294.62 367.38 187.99 
12 20.86 148.64 101.85 75.57 40 101.72 597.29 579.09 338.89 
13 91.79 553.41 510.34 308.92 41 40.09 252.14 209.79 138.36 
14 23.98 164.82 117.74 83.74 42 32.94 245.61 155.95 121.61 
15 34.30 225.55 175.11 120.50 43 30.40 176.81 161.76 100.11 
16 107.81 641.50 615.33 361.34 44 17.80 115.59 91.38 62.22 
17 291.80 1743.62 1593.22 982.59 45 16.61 104.72 82.98 54.24 
18 225.52 1253.80 1257.15 718.30 46 6.09 33.17 31.76 18.69 
19 24.71 124.44 139.15 78.22 47 11.24 62.57 58.72 35.11 
20 7.61 68.35 31.29 29.91 48 45.85 272.58 247.30 154.64 
21 172.82 992.69 994.94 570.42 49 29.36 167.89 159.10 97.57 
22 191.05 1043.77 1095.51 624.34 50 35.29 260.85 167.45 130.00 
23 77.49 471.72 420.25 263.53 51 69.35 429.54 368.41 237.32 
24 45.10 329.92 214.52 165.60 52 40.16 230.72 217.68 133.32 
25 49.39 263.88 300.84 157.96 53 91.38 513.06 538.98 300.08 
26 116.98 709.77 637.10 396.39 54 16.79 86.61 90.45 51.47 
27 4.78 20.34 26.78 13.73 55 23.12 175.81 106.56 86.39 
28 143.83 881.43 797.23 486.06      
  
 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 121
Table 6.15 Estimated EMC of TS from each rainfall event at Clearview Estate for the representative year 2008 
Event Number EMC of TS from each rainfall event in 2008 [ppm] Event 
Number 
EMC of TS from each rainfall event in 2008 [ppm] 
Carine Ct Merloo Dr Winchester Dr Yarrimbah Dr Carine Ct Merloo Dr Winchester Dr Yarrimbah Dr 
1 3.75 5.80 3.92 13.39 29 141.06 234.29 240.78 543.61 
2 56.16 91.60 90.00 212.11 30 47.53 78.74 79.56 181.89 
3 27.28 43.65 38.80 94.83 31 30.42 48.34 42.22 104.28 
4 238.61 382.69 378.26 855.43 32 508.26 796.88 683.11 1939.98 
5 18.72 30.30 28.29 67.55 33 2094.04 1915.08 1406.80 7991.40 
6 130.58 213.64 215.64 491.85 34 13.32 21.08 17.98 44.92 
7 161.57 270.50 264.23 624.00 35 129.96 206.35 216.33 469.91 
8 47.33 76.46 71.10 170.26 36 9.92 15.77 12.25 36.32 
9 1.83 2.82 1.85 6.56 37 136.80 223.24 220.27 515.77 
10 16.87 27.49 26.18 62.10 38 47.96 76.73 67.44 166.72 
11 227.25 369.71 408.50 868.94 39 50.45 84.70 89.95 201.40 
12 21.81 35.03 32.01 77.39 40 94.53 154.07 152.42 355.99 
13 86.22 140.47 139.96 324.84 41 38.99 63.53 61.09 143.66 
14 22.27 35.08 27.27 77.22 42 35.40 56.60 50.79 123.67 
15 34.22 55.50 52.44 124.45 43 25.98 41.69 35.07 95.04 
16 101.23 165.15 161.57 376.92 44 17.64 28.65 27.09 64.40 
17 283.96 425.79 433.77 981.25 45 12.76 19.63 13.33 43.72 
18 210.98 324.35 370.63 826.51 46 4.10 6.35 4.34 14.53 
19 20.21 33.24 31.02 78.12 47 7.97 12.41 8.72 28.30 
20 8.53 13.13 9.47 27.38 48 43.14 70.69 69.45 161.84 
21 157.26 260.14 263.73 601.33 49 26.57 43.49 41.43 100.07 
22 174.41 269.27 313.03 629.06 50 37.75 60.40 54.20 132.23 
23 73.20 120.23 117.01 274.47 51 66.85 108.79 105.79 245.96 
24 47.90 76.82 69.30 168.46 52 36.06 58.98 55.25 135.41 
25 43.25 71.47 75.43 167.37 53 81.08 133.55 135.05 318.68 
26 110.81 181.42 177.10 414.19 54 11.69 18.42 13.53 42.66 
27 2.90 4.62 3.44 11.04 55 25.18 40.19 36.02 87.58 
28 138.01 220.95 216.73 514.97      
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Table 6.16 Estimated EMC of TS from each rainfall event at Advancetown for the representative year 2008 
Event 
Number 
EMC of TS from each rainfall event in 2008 [ppm] Event 
Number 
EMC of TS from each rainfall event in 2008 [ppm] 
Latimers 
Crossing Rd 
Nerang-
Murwillumbah Rd 
Parkway Dr Tangara Rd Latimers 
Crossing Rd 
Nerang-
Murwillumbah Rd 
Parkway Dr Tangara Rd 
1 1.77 0.66 2.62 5.43 29 N/A N/A N/A N/A 
2 N/A N/A N/A N/A 30 66.21 23.81 175.13 195.47 
3 9.90 3.50 26.77 29.58 31 12.64 4.52 33.86 37.69 
4 N/A N/A N/A N/A 32 N/A N/A N/A N/A 
5 15.15 5.44 40.61 45.05 33 N/A N/A N/A N/A 
6 N/A N/A N/A N/A 34 4.35 1.55 11.67 12.83 
7 N/A N/A N/A N/A 35 N/A N/A N/A N/A 
8 36.50 12.98 97.98 107.94 36 5.98 2.21 9.74 18.22 
9 0.85 0.32 1.24 2.62 37 N/A N/A N/A N/A 
10 16.08 5.78 42.74 47.81 38 20.46 7.28 54.25 60.78 
11 N/A N/A N/A N/A 39 130.70 46.36 339.47 380.64 
12 14.94 5.34 39.69 44.10 40 804.39 301.17 1161.65 2472.80 
13 251.37 94.16 1079.54 773.04 41 39.02 13.96 105.02 115.67 
14 9.85 3.62 17.22 29.84 42 19.92 7.14 54.21 59.11 
15 29.85 10.71 79.95 88.47 43 17.76 6.53 31.87 53.79 
16 N/A N/A N/A N/A 44 16.04 5.75 43.44 47.55 
17 N/A N/A N/A N/A 45 4.96 1.84 7.68 15.16 
18 N/A N/A N/A N/A 46 1.91 0.71 2.91 5.86 
19 20.32 7.40 39.43 61.14 47 3.84 1.43 5.95 11.75 
20 1.01 0.37 1.86 3.04 48 52.07 18.70 141.37 153.54 
21 N/A N/A N/A N/A 49 27.43 9.91 63.27 81.91 
22 N/A N/A N/A N/A 50 21.07 7.56 56.49 62.09 
23 98.74 35.04 254.45 303.68 51 78.99 28.61 215.72 234.91 
24 26.51 9.38 69.13 78.46 52 35.22 12.76 76.79 105.31 
25 N/A N/A N/A N/A 53 N/A N/A N/A N/A 
26 173.29 59.50 454.81 488.53 54 6.58 2.45 10.35 20.11 
27 1.85 0.69 2.79 5.67 55 9.71 3.45 26.95 28.34 
28 N/A N/A N/A N/A      
Note: N/A – EMC was not derived as no stormwater runoff generated
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6.3 HM AND PAH CONCENTRATIONS IN STORMWATER 
The objective for determining HM and PAH concentrations in stormwater was to 
create the basis to predict the risk posed by the chemical pollutants. It was evident 
that pollutants associated with the total solids will exert the highest possible risk to 
human health as the worst case scenario. Therefore, the pollutant concentrations 
associated with the total solids was calculated. As discussed in Section 2.3.1, a 
relatively higher fraction of pollutant loads are adsorbed to fine solids (solids 
<150µm). Furthermore, this fraction of solids is liable to be more easily washed-off 
by stormwater runoff and remain longer in suspension in stormwater. Therefore, it 
was hypothesised that the risk posed by HMs and PAHs adsorbed to fine solids was 
considered to represent minimum risk level posed by stormwater runoff. Therefore, 
the pollutant concentrations on fine solids were also calculated based on the above 
hypothesis. 
Two assumptions were made for calculating the concentrations of HMs and PAHs: 
 The ratio of the solids fraction of fine particles (<150µm) and coarse particles 
(>150µm) in stormwater runoff was the same as that in build-up samples. 
 Adsorption of chemical pollutants to particles in stormwater runoff was the 
same as that in build-up samples. 
Based on these assumptions, concentrations of HMs and PAHs in stormwater runoff 
were estimated according to the test results obtained from the build-up samples. The 
concentrations of the pollutants associated with fine solids in stormwater runoff were 
estimated according to Equation 6.4. 
 𝐶<150µ𝑚 = 𝐸𝑀𝐶𝑇𝑆 × 𝐵<150µ𝑚 × 10
−6 Equation 6.4 
where: 𝐶<150µ𝑚 – concentration of chemical pollutants on fine solids in stormwater 
            runoff (mg/L); 
𝐸𝑀𝐶𝑇𝑆 – EMC of TS in stormwater runoff (mg/L); 
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𝐵<150µ𝑚  – averaged build-up load of chemical pollutants on fine solids 
(mg/Kg). 
Concentrations of HMs and PAHs adsorbed to the total solids in stormwater were 
estimated using Equation 6.5. 
 𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑀𝐶𝑇𝑆 × 𝐵𝑡𝑜𝑡𝑎𝑙 × 10
−6 Equation 6.5 
where: 𝐶𝑡𝑜𝑡𝑎𝑙  – concentration of chemical pollutants on total solids in stormwater 
            runoff (mg/L); 
𝐸𝑀𝐶𝑇𝑆 – EMC of TS in stormwater runoff (mg/L); 
𝐵𝑡𝑜𝑡𝑎𝑙  – averaged build-up load of chemical pollutants on total solids 
(mg/Kg). 
EMC of TS was estimated according to the methodology discussed in Section 6.2 
and summarised in Table 6.12 to 6.16. The average mass fraction of fine solids and 
average build-up load of pollutants on fine and total solids were determined by 
averaging the corresponding results derived from build-up solid loads collected from 
the two sampling episodes (see Appendix A). 
6.4 MODELLING POLLUTANT CONCENTRATIONS 
Modelling HMs and PAHs concentrations in stormwater runoff was to assess the 
relationship between pollutant concentration and traffic and land use characteristics. 
Since the risk posed by pollutants was evaluated based on the concentration, risk was 
ultimately related to traffic and land use characteristics. Therefore, an accurate 
estimation of pollutant concentration was critical for risk assessment of pollutants in 
stormwater runoff. 
The estimation of pollutant concentration was undertaken using the mathematical 
equations that describe relationship between pollutant concentration and traffic and 
land use characteristics. It was assumed that pollutant concentrations in stormwater 
runoff from a unit catchment can be presented as the combination of covariates in the 
form of Equation 6.6. 
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 𝐶 = 𝑓(𝐷𝑇𝑉, 𝐶, 𝐼, 𝑅) Equation 6.6 
where: 𝐶 – chemical pollutant concentration in stormwater; 
𝐷𝑇𝑉 – daily traffic volume (vehicles per day (VPD)); 
𝐶, 𝐼, 𝑅 – percentage of commercial, industrial and residential land use area 
within 1km radius from interested location. 
As per the assumption above, the ratio of pollutants to TS in stormwater quality was 
considered the same as that in build-up and thereby the pollutant concentration data 
were derived from Section 6.3. Traffic volume data were obtained from Gold Coast 
City Council and shown in Table 6.17. As noted by Zhu et al. (2002), there are 
around 95% particles built-up on road surfaces within 1km from the original source. 
Therefore, the influence of land use activities within 1km distance from the study site 
was taken into consideration. C, I and R were calculated according to the same 
procedure used for calculating the road and roof area as discussed in Section 6.2.1. 
Firstly, the commercial, industrial and residential land use areas were identified 
through field investigation and demarcated in aerial photographs obtained from 
Google Earth. Secondly, the areas of different land uses were calculated using 
ArcMap. C, I and R parameters were derived by dividing the commercial, industrial 
and residential areas by the total area enclosed by a circle of 1km radius. The results 
of C, I and R area calculations are given in Table 6.17. 
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Table 6.17 Daily traffic volume and C, I and R of study sites 
Suburbs Study Sites DTV (VPD) C I R 
Surfers 
Paradise 
Hobgen St 750 0.11 0.00 0.45 
St Paul Place 750 0.18 0.00 0.40 
Thornton St 3000 0.29 0.00 0.21 
Via Roma Dr 3000 0.16 0.00 0.42 
Benowa De Haviland Av 500 0.19 0.00 0.52 
Mediterranean Dr 750 0.18 0.00 0.58 
Strathaird Rd 3000 0.50 0.00 0.34 
Village High Rd 750 0.29 0.00 0.51 
Nerang Hilldon Ct 3500 0.14 0.20 0.31 
Lawrence Dr 7000 0.06 0.17 0.22 
Patrick Rd 750 0.14 0.19 0.31 
Stevens St 3500 0.19 0.02 0.24 
Clearview 
Estate 
Carine Ct 500 0.00 0.00 0.62 
Merloo Dr 750 0.00 0.00 0.32 
Winchester Dr 750 0.00 0.00 0.63 
Yarrimbah Dr 3000 0.00 0.00 0.34 
Advancetown Latimers Crossing Rd 750 0.00 0.00 0.00 
Nerang-Murwillumbah Rd 1000 0.00 0.00 0.00 
Parkway Dr 150 0.00 0.00 0.00 
Tangara Rd 150 0.00 0.00 0.00 
 
As the spatial nature within the data derived from this study, Equation 6.6 was 
regressed via a generalised linear geostatistical mode to capture any spatial 
characteristics in the data. The geodata matrix used for modelling was defined. The 
columns of the data matrix consisted of 7 parameters including chemical pollutant 
concentrations, longitude and latitude of the study sites, DTV, C, I and R. The rows 
were the rainfall events which occurred at the study sites. The rainfall events are 
given in Table 6.12 to 6.16 and there were 1002 rainfall events that generated runoff. 
Therefore, the data matrix used for modelling contained 1002 rows × 7 columns. In 
order to ensure the linear relationship is valid, the concentration of pollutants and 
DTV were transformed into logarithmic form (i.e. ln concentration and ln DTV). 
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Accordingly, the expected ln concentration was expressed in the form described as 
Equation 6.7. 
 ln 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝛽0 + 𝛽1 × 𝑓(ln𝐷𝑇𝑉) + 𝛽2 × 𝑓(𝐶) + 𝛽3 × 𝑓(𝐼) + 𝛽4 × 𝑓(𝑅)  
  Equation 6.7 
Where the 𝛽  values were estimates representing relationship between ln 
concentration and covariates. 
To capture any spatial variability in the data, various covariance models including 
Matern function, exponential function and spherical function were trialled, and 
finally the Matern function was selected based on Akaike’s Information Criteria 
(AIC) (Burnham and Anderson 2002). AIC is a measure of how well the model fits 
the data with a penalty for model complexity such that one prefers the simplest 
model that describes the data well. 
The regression procedure was undertaken using maximum likelihood estimation 
(MLE) procedure in R software. The package, geoR in R software has good 
capability to undertake geostatitical analysis and MLE procedure was conducted via 
likfit function in geoR package. More information on the R software is provided in 
Section 3.4.2. The predicted equations can be used to estimate the concentrations of 
HMs and PAHs in stormwater from an urban road site based on the inherent traffic 
and land use characteristics of the site.  Codes used in R package are given in 
Appendix E. 
Residual variability is important in order to ensure that the model fitted the data well. 
This was assessed based on plots of estimated residuals against coordinates of data 
sites and covariates in terms of traffic volume and land use percentage. Variability of 
residuals was plotted using the R software. If any trend existed, the model needed to 
be re-estimated to take the trend into consideration. For instance, if the trend 
appeared to be a parabola, the corresponding covariate needed to be expressed as 
quadratic (i.e covariate
2
). Figure 6.12 is given as an example. The vertical axis 
represents the residuals estimated for benzo[a]pyrene (B[a]P) associated with TS in 
stormwater while the horizontal axis represents the coordinates and covariates. The 
horizontal lines in the plots represent the trend of the residuals. As can be seen from 
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Figure 6.12, it is clear that no trend exists for the residuals variability and therefore, 
the model can be considered to be reliable. 
In addition to residual variability, distribution of estimated values and observed data 
was also plotted using the R software. Figure 6.13 is an example showing the 
estimated values against the observed values for B[a]P associated with TS in 
stormwater. It was evident that the data set distributed evenly along the line y = x as 
shown in Figure 6.13. This indicates that the estimated pollutant concentrations agree 
well with the observed data to a large extent. 
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Figure 6.12 Estimated residual variability of B[a]P concentration associated 
with TS (trend represented by the line in the plot) 
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Figure 6.13 Distribution of estimated values and observed data for B[a]P 
associated with TS 
As discussed in Section 6.3, concentration of HMs and PAHs associated with both 
total solids and fine solids were assessed using the R software. Table 6.18 to 6.21 
present the summary of assessment results. The coefficients given in the 
mathematical model are the estimates for the relationship between the concentration 
data and covariates. 
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Table 6.18 Result of concentration assessment of HMs in total solids 
Equations 
Al=exp(5.058-2.047×lnDTV+0.1743×(lnDTV)2+1.731×C+1.092×R) 
Cr=exp(-8.6244+0.2630×lnDTV+2.9025×C+25.1244×I-100.2798×I2+0.8461×R) 
Mn=exp(-3.851+2.466×C+45.08×I-212.2×I2+0.5679×R) 
Fe=exp(-1.3398+0.2629×lnDTV+2.5012×C+21.7752×I-96.2173×I2) 
Ni=exp(-8.7869+0.2321×lnDTV+4.0288×C+54.0466×I-203.4114×I2+0.5166×R) 
Cu=exp(-8.653+0.4779×lnDTV+5.841×C+24.78×I-93.96×I2+0.557×R) 
Zn=exp(-6.8975+0.4189×lnDTV+3.1094×C+46.8731×I-213.1362×I2+1.2630×R) 
Cd=exp(-14.62+0.6534×lnDTV+2.014×C-6.845×C2+4.056×I-1.290×R) 
Pb=exp(-8.2979+0.4144×lnDTV+3.1837×C+25.0152×I-98.0013×I2) 
DTV: daily traffic volume (vehicles per day (VPD)); C, I, R: percentage of commercial, industrial and residential 
land use area within 1km radius from interested location; exp/ln: exponential/logarithmic function. 
Table 6.19 Result of concentration assessment of PAHs in total solids 
Equations 
NAP=exp(-13.0057+2.2244×C+44.0004×I-208.5743×I2+2.3271×R) 
ACY=exp(-18.7764+0.6287×lnDTV-3.8347×C+11.3567×C2+22.2219×I-98.2006×I2+2.7677×R) 
ACE=exp(-16.8329+0.3191×lnDTV-3.4542×C+7.6039×C2+2.7041×I+1.2821×R) 
FLU=exp(-15.0477+0.2792×lnDTV-5.2849×C+12.1146×C2+25.0081×I-105.4251×I2+1.2495×R) 
PHE=exp(-12.7752+0.2335×lnDTV-1.8874×C+6.3417×C2+23.2440×I-99.5676×I2+1.4360×R) 
ANT=exp(-15.7314+0.4039×lnDTV+3.3674×I) 
FLA=exp(-13.9610+0.3248×lnDTV-8.9481×C+22.6337×C2+47.6350×I-209.3615×I2+0.9829×R) 
PYR=exp(-13.83+0.4109×lnDTV-3.378×C+10.16×C2+23.32×I-105.7×I2+1.961×R) 
BaA=exp(-19.1925+0.8233×lnDTV+1.3639×C+1.4070×I+1.6338×R) 
CHR=exp(-16.72+0.6626×lnDTV+1.976×C+2.293×I+0.9365×R) 
BbF=exp(-17.67+0.7247×lnDTV+1.903×C+1.216×R) 
BaP=exp(-18.87+0.8781×lnDTV+2.277×C+1.491×R) 
IND=exp(-17.03+0.6054×lnDTV-3.352×C+13.33×C2+30.97×I-144.9×I2+1.762×R) 
DaA=exp(-17.0912+0.5192×lnDTV+2.2610×C+25.0942×I-116.0339×I2+1.6652×R) 
BgP=exp(-15.42+0.5412×lnDTV+36.87×I-169.1×I2+2.414×R) 
DTV: daily traffic volume (vehicles per day (VPD)); C, I, R: percentage of commercial, industrial and residential 
land use area within 1km radius from interested location; exp/ln: exponential/logarithmic function. 
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Table 6.20 Result of concentration assessment of HMs in solids <150µm 
Equations 
Al=exp(-13.3078+2.6629×lnDTV-0.1532×(lnDTV)2-4.5435×C+12.4244×C2+44.2164×I-204.9952×I2+1.3108×R) 
Cr=exp(-26.9111+4.8640×lnDTV-0.3112×(lnDTV)2-2.5523×C+12.1061×C2+47.9003×I-204.0476×I2+0.5839×R) 
Mn=exp(-22.8705+4.4254×lnDTV-0.2716×(lnDTV)
2
-4.9288×C+12.5600×C
2
+55.7913×I-259.5832×I
2
+1.0352×R) 
Fe=exp(-13.6836+2.9047×lnDTV-0.1676×(lnDTV)2+1.0934×C+44.7496×I-206.2285×I2+0.7611×R) 
Ni=exp(-27.9284+5.1500×lnDTV-0.3345×(lnDTV)2+2.7383×C+72.2912×R-285.8606×R2) 
Cu=exp(-22.7836+3.9198×lnDTV-0.2264×(lnDTV)2+4.4768×C+29.4201×I-115.5464×I2+0.5945×R) 
Zn=exp(-17.4434+2.7467×lnDTV-0.1437×(lnDTV)2+1.8575×C+42.1926×I-188.1349×I2+1.6716×R) 
Cd=exp(-24.1876+2.8568×lnDTV-0.1491×(lnDTV)2-1.2810×C) 
Pb=exp(-11.3228+0.6123×lnDTV-2.3663×C+11.9864×C2+34.7190×I-140.0913×I2+0.9244×R) 
DTV: daily traffic volume (vehicles per day (VPD)); C, I, R: percentage of commercial, industrial and residential 
land use area within 1km radius from interested location; exp/ln: exponential/logarithmic function. 
Table 6.21 Result of concentration assessment of PAHs in solids <150µm 
Equations 
NAP=exp(-16.3586+0.3389×lnDTV-3.6059×C+10.9032×C2+26.2000×I-114.5088×I2+2.7176×R) 
ACY=exp(-33.9416+4.5322×lnDTV-0.2551×(lnDTV)2-7.2402×C+15.8078×C2+3.6249×I+2.0391×R) 
ACE=exp(-33.4097+4.6431×lnDTV-0.2887×(lnDTV)2-7.6697×C+13.2273×C2+3.1553×I+0.7180×R) 
FLU=exp(-24.5371+2.4227×lnDTV-0.1281×(lnDTV)2-9.4743×C+18.6256×C2+5.7119×I+0.7102×R) 
PHE=exp(-15.7154+0.4913×lnDTV+2.9205×I+1.3899×R) 
ANT=exp(-23.0036+1.9973×lnDTV-0.0982×(lnDTV)2-1.1322×C+3.1344×I) 
FLA=exp(-17.1510+0.6483×lnDTV-11.0649×C+24.0136×C2+6.6748×I+1.1306×R) 
PYR=exp(-16.7735+0.6869×lnDTV-5.2783×C+11.9617×C2+2.5159×I+2.1876×R) 
BaA=exp(-33.4407+4.4578×lnDTV-0.2404×(lnDTV)2-3.8908×C+9.5423×C2+3.0062×I+1.4018×R) 
CHR=exp(-25.441+2.593×lnDTV-0.118×(lnDTV)2-1.810×C+6.126×C2+3.071×I+1.506×R) 
BbF=exp(-30.9075+4.0341×lnDTV-0.2181×(lnDTV)2-2.5665×C+7.6256×C2+2.5254×I+1.4022×R) 
BaP=exp(-29.7000+3.4408×lnDTV-0.1608×(lnDTV)2+0.8037×C+1.4459×R) 
IND=exp(-27.2442+2.8800×lnDTV-0.1307×(lnDTV)2-6.2993×C+15.8776×C2+2.4545×I+1.7137×R) 
DaA=exp(-35.1046+5.2444×lnDTV-0.3172×(lnDTV)-4.3010×C+12.7056×C
2
+31.1761×I-137.4866×I
2
+1.6662×R) 
BgP=exp(-25.9924+3.0257×lnDTV-0.1545×(lnDTV)2-2.5337×C+29.9913×I-131.4012×I2+2.4693×R) 
DTV: daily traffic volume (vehicles per day (VPD)); C, I, R: percentage of commercial, industrial and residential 
land use area within 1km radius from interested location; exp/ln: exponential/logarithmic function. 
Table 6.22 to 6.25 summarises the calculation results for HMs and PAHs 
concentrations.
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Table 6.22 Concentration of HMs associated with total solids in stormwater [mg/L] 
Site Al Cr Mn Fe Ni Cu Zn Cd Pb 
Hobgen St 0.843077762 0.002070022 0.036095357 1.970353893 0.001400922 0.010150914 0.040334908 2.17454E-05 0.005509957 
St Paul Pl 0.908902481 0.002458721 0.042073637 2.364516669 0.001834419 0.015140885 0.047698665 2.3089E-05 0.006949557 
Thornton St 1.753459456 0.004022372 0.048305065 4.385689045 0.003438252 0.047559404 0.091127398 6.52053E-05 0.017040566 
Via Roma Dr 1.797472246 0.003383869 0.040359062 3.224135547 0.00234393 0.026172648 0.081835707 5.60153E-05 0.011518541 
De Haviland Av 0.971163776 0.002511283 0.046096829 2.183188959 0.001849345 0.014152342 0.048071912 1.51931E-05 0.006078625 
Mediterranean Dr 1.091777289 0.002798554 0.045702019 2.317335727 0.001949529 0.015973864 0.058440661 1.83555E-05 0.006773531 
Strathaird Rd 2.936218042 0.008408995 0.088641604 7.53685429 0.008790989 0.180956515 0.210236823 2.66097E-05 0.033947053 
Village High Rd 1.22023425 0.003642416 0.057850291 3.078815443 0.002958977 0.029692944 0.075373511 1.77754E-05 0.009724794 
Hilldon Ct 1.723421917 0.007839512 0.052778399 4.953716459 0.027455921 0.073121518 0.144311923 0.000163118 0.032008901 
Lawrence Dr 2.579695953 0.010044477 0.113520373 7.449055918 0.043427451 0.08391166 0.355612807 0.000244466 0.047122444 
Patrick Rd 0.763977962 0.006415933 0.090248915 4.163246289 0.027825977 0.042243715 0.12683073 5.67047E-05 0.020620374 
Stevens St 1.72264641 0.004885983 0.080174871 5.093641833 0.005950337 0.044124114 0.159686401 8.39099E-05 0.020049262 
Carine Ct 0.777973747 0.00156063 0.030285607 1.341811369 0.000891556 0.004815505 0.029983905 1.16139E-05 0.003271305 
Merloo Dr 0.600306433 0.001337947 0.025425813 1.492745805 0.000835449 0.004923709 0.024083294 2.25208E-05 0.003869842 
Winchester Dr 0.849294626 0.001750623 0.030453663 1.492745805 0.000984477 0.005876963 0.035974734 1.49478E-05 0.003869842 
Yarrimbah Dr 1.239736155 0.001969957 0.025808894 2.149153478 0.00116833 0.009691405 0.04450026 5.3854E-05 0.006873641 
Latimers Crossing Rd 0.425483976 0.001024736 0.021258467 1.492745805 0.000709904 0.004130871 0.016173983 3.38205E-05 0.003869842 
Nerang-Murwillumbah Rd 0.465293221 0.001105276 0.021258467 1.610023641 0.000758923 0.004739689 0.018245418 4.08145E-05 0.004359813 
Parkway Dr 0.439238201 0.000671093 0.021258467 0.977747345 0.000488617 0.001914273 0.008241731 1.18161E-05 0.001986278 
Tangara Rd 0.439238201 0.000671093 0.021258467 0.977747345 0.000488617 0.001914273 0.008241731 1.18161E-05 0.001986278 
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Table 6.23 Concentration of PAHs associated with total solids in stormwater [mg/L] 
Site NAP ACY ACE FLU PHE ANT FLA PYR BaA CHR BbF BaP IND DaA BgP 
Hobgen St 8.20E-06 1.18E-06 5.39E-07 2.10E-06 2.22E-05 2.13E-06 5.66E-06 2.82E-05 2.61E-06 8.36E-06 5.48E-06 5.38E-06 3.97E-06 3.20E-06 2.14E-05 
St Paul Pl 8.65E-06 9.97E-07 4.65E-07 1.75E-06 2.08E-05 2.13E-06 4.58E-06 2.50E-05 2.67E-06 9.24E-06 5.95E-06 5.92E-06 3.81E-06 3.49E-06 1.92E-05 
Thornton St 6.86E-06 1.61E-06 5.69E-07 2.10E-06 2.42E-05 3.74E-06 7.01E-06 3.46E-05 6.97E-06 2.35E-05 1.55E-05 1.88E-05 8.38E-06 6.49E-06 2.52E-05 
Via Roma Dr 8.66E-06 2.52E-06 7.57E-07 2.71E-06 2.94E-05 3.74E-06 7.51E-06 4.59E-05 8.41E-06 2.26E-05 1.60E-05 1.97E-05 8.92E-06 7.06E-06 4.27E-05 
De Haviland Av 1.16E-05 1.07E-06 4.70E-07 1.79E-06 2.24E-05 1.81E-06 4.47E-06 2.66E-05 2.34E-06 8.03E-06 5.20E-06 5.04E-06 3.72E-06 3.50E-06 2.03E-05 
Mediterranean Dr 1.29E-05 1.64E-06 5.90E-07 2.21E-06 2.68E-05 2.13E-06 5.50E-06 3.56E-05 3.55E-06 1.08E-05 7.30E-06 7.61E-06 5.18E-06 4.63E-06 2.96E-05 
Strathaird Rd 1.50E-05 6.94E-06 1.16E-06 6.17E-06 5.69E-05 3.74E-06 5.42E-05 1.21E-04 1.16E-05 4.07E-05 2.74E-05 3.73E-05 4.93E-05 1.31E-05 3.44E-05 
Village High Rd 1.39E-05 1.56E-06 5.39E-07 2.08E-06 2.71E-05 2.13E-06 6.10E-06 3.56E-05 3.65E-06 1.25E-05 8.24E-06 8.78E-06 6.24E-06 5.25E-06 2.45E-05 
Hilldon Ct 8.76E-06 3.27E-06 1.23E-06 5.28E-06 4.77E-05 7.89E-06 2.08E-05 5.75E-05 1.03E-05 3.44E-05 1.50E-05 1.81E-05 1.08E-05 8.18E-06 5.88E-05 
Lawrence Dr 1.62E-05 6.79E-06 1.47E-06 1.09E-05 7.81E-05 9.47E-06 8.28E-05 1.14E-04 1.36E-05 4.02E-05 1.91E-05 2.44E-05 2.91E-05 1.45E-05 1.49E-04 
Patrick Rd 1.48E-05 1.53E-06 7.17E-07 4.26E-06 4.12E-05 4.04E-06 2.01E-05 3.89E-05 2.83E-06 1.20E-05 4.91E-06 4.69E-06 6.02E-06 4.89E-06 3.80E-05 
Stevens St 1.21E-05 2.39E-06 6.44E-07 3.28E-06 3.44E-05 4.22E-06 1.40E-05 4.98E-05 7.46E-06 2.30E-05 1.49E-05 1.80E-05 1.20E-05 8.92E-06 5.39E-05 
Carine Ct 9.58E-06 1.96E-06 7.90E-07 3.60E-06 2.96E-05 1.81E-06 1.20E-05 4.30E-05 2.13E-06 6.03E-06 4.08E-06 3.79E-06 5.19E-06 2.69E-06 2.61E-05 
Merloo Dr 4.68E-06 1.08E-06 6.06E-07 2.75E-06 2.09E-05 2.13E-06 1.01E-05 2.78E-05 1.80E-06 5.91E-06 3.77E-06 3.42E-06 3.85E-06 1.99E-06 1.55E-05 
Winchester Dr 9.80E-06 2.59E-06 9.11E-07 4.08E-06 3.30E-05 2.13E-06 1.38E-05 5.18E-05 3.03E-06 7.96E-06 5.54E-06 5.49E-06 6.74E-06 3.37E-06 3.33E-05 
Yarrimbah Dr 4.98E-06 2.77E-06 9.76E-07 4.18E-06 3.00E-05 3.74E-06 1.63E-05 5.17E-05 5.89E-06 1.52E-05 1.06E-05 1.20E-05 9.34E-06 4.26E-06 3.49E-05 
Latimers Crossing Rd 2.25E-06 4.50E-07 4.05E-07 1.85E-06 1.33E-05 2.13E-06 7.42E-06 1.50E-05 1.08E-06 4.40E-06 2.57E-06 2.14E-06 2.21E-06 1.18E-06 7.23E-06 
Nerang-Murwillumbah 
Rd 
2.25E-06 5.39E-07 4.43E-07 2.01E-06 1.42E-05 2.40E-06 8.15E-06 1.68E-05 1.36E-06 5.33E-06 3.16E-06 2.75E-06 2.63E-06 1.36E-06 8.45E-06 
Parkway Dr 2.25E-06 1.64E-07 2.42E-07 1.18E-06 9.12E-06 1.11E-06 4.40E-06 7.72E-06 2.86E-07 1.52E-06 8.00E-07 5.20E-07 8.34E-07 5.10E-07 3.03E-06 
Tangara Rd 2.25E-06 1.64E-07 2.42E-07 1.18E-06 9.12E-06 1.11E-06 4.40E-06 7.72E-06 2.86E-07 1.52E-06 8.00E-07 5.20E-07 8.34E-07 5.10E-07 3.03E-06 
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Table 6.24 Concentration of HMs associated with solids<150µm in stormwater [mg/L] 
Site Al Cr Mn Fe Ni Cu Zn Cd Pb 
Hobgen St 0.11599197 0.000269015 0.004502281 0.263069138 2.55658E-15 0.002499299 0.010062991 6.44691E-06 0.000941477 
St Paul Pl 0.102321936 0.000281934 0.003923126 0.274944965 9.56459E-12 0.003369048 0.010656631 5.87205E-06 0.000981842 
Thornton St 0.161697002 0.000531862 0.006610671 0.495770077 0.00965132 0.010963275 0.022639622 1.31655E-05 0.002660622 
Via Roma Dr 0.18986428 0.000424662 0.007608058 0.511475595 3.99129E-13 0.00719413 0.025922451 1.54125E-05 0.002250839 
De Haviland Av 0.089760927 0.000216471 0.003011285 0.223563486 2.28832E-21 0.002507767 0.00912686 3.95136E-06 0.000871361 
Mediterranean Dr 0.129738545 0.00030878 0.004745562 0.312703407 3.08508E-28 0.003618114 0.014199319 5.93298E-06 0.001142242 
Strathaird Rd 0.594327586 0.00259463 0.022077131 0.692944174 3.97513E-07 0.031197641 0.04198672 9.97707E-06 0.013834375 
Village High Rd 0.134767309 0.000418582 0.004855876 0.333599097 5.67484E-20 0.00574315 0.015386226 5.12951E-06 0.00153022 
Hilldon Ct 0.287455206 0.001387983 0.0128662 0.834335833 1.58792E-06 0.021022715 0.048916313 1.70157E-05 0.007691391 
Lawrence Dr 0.807723384 0.002281863 0.041507824 1.924534391 0.001503757 0.022240201 0.102853162 2.34496E-05 0.018195999 
Patrick Rd 0.254664825 0.001444539 0.012816195 0.713884063 1.85758E-06 0.010996029 0.029060471 6.19272E-06 0.0039661 
Stevens St 0.312370799 0.000847225 0.015406057 0.972742008 0.001282261 0.012144917 0.042196824 1.60001E-05 0.003852428 
Carine Ct 0.155857017 0.000239173 0.005446442 0.195802944 3.22883E-33 0.001117167 0.007582765 5.07009E-06 0.000966812 
Merloo Dr 0.138059298 0.000284304 0.005795408 0.210241927 7.44607E-07 0.001403331 0.006533321 7.43184E-06 0.000932216 
Winchester Dr 0.209383912 0.00034226 0.008052514 0.267758783 2.79426E-34 0.0016951 0.011112161 7.43184E-06 0.001250474 
Yarrimbah Dr 0.256568417 0.000445097 0.011157597 0.402107563 5.08901E-08 0.003313115 0.016691956 1.89709E-05 0.002232181 
Latimers Crossing Rd 0.091332039 0.00023651 0.004181863 0.16539723 0.000204568 0.001163526 0.003857444 7.43184E-06 0.000696579 
Nerang-Murwillumbah Rd 0.108240943 0.000285481 0.005190737 0.198686644 0.00024486 0.001488884 0.004859531 9.4628E-06 0.00083075 
Parkway Dr 0.022119629 3.19128E-05 0.000544659 0.035541602 2.69442E-05 0.000146715 0.000683361 1.22008E-06 0.000260011 
Tangara Rd 0.022119629 3.19128E-05 0.000544659 0.035541602 2.69442E-05 0.000146715 0.000683361 1.22008E-06 0.000260011 
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Table 6.25 Concentration of PAHs associated with solids<150µm in stormwater [mg/L] 
Site NAP ACY ACE FLU PHE ANT FLA PYR BaA CHR BbF BaP IND DaA BgP 
Hobgen St 1.93E-06 3.70E-07 1.54E-07 4.50E-07 7.23E-06 6.74E-07 1.70E-06 8.46E-06 7.17E-07 2.51E-06 1.64E-06 1.80E-06 1.19E-06 9.58E-07 6.77E-06 
St Paul Pl 1.65E-06 2.79E-07 1.13E-07 3.25E-07 6.78E-06 6.20E-07 1.21E-06 6.73E-06 6.21E-07 2.34E-06 1.50E-06 1.78E-06 9.79E-07 8.51E-07 5.02E-06 
Thornton St 1.81E-06 5.77E-07 1.51E-07 5.62E-07 1.02E-05 1.20E-06 2.43E-06 1.17E-05 1.84E-06 6.45E-06 4.07E-06 6.58E-06 3.01E-06 1.68E-06 6.91E-06 
Via Roma Dr 2.79E-06 9.19E-07 2.19E-07 7.55E-07 1.38E-05 1.38E-06 3.23E-06 1.87E-05 2.39E-06 7.99E-06 4.98E-06 8.17E-06 3.96E-06 2.04E-06 1.62E-05 
De Haviland Av 1.98E-06 2.09E-07 8.14E-08 2.51E-07 6.51E-06 4.54E-07 1.04E-06 6.48E-06 4.16E-07 1.81E-06 1.07E-06 1.21E-06 7.29E-07 6.43E-07 4.24E-06 
Mediterranean Dr 2.69E-06 4.08E-07 1.31E-07 3.78E-07 8.71E-06 6.26E-07 1.51E-06 1.01E-05 8.03E-07 3.06E-06 1.93E-06 2.30E-06 1.34E-06 1.15E-06 8.00E-06 
Strathaird Rd 7.52E-06 2.31E-06 3.00E-07 1.89E-06 1.22E-05 9.42E-07 1.53E-05 3.80E-05 4.84E-06 1.50E-05 1.03E-05 9.44E-06 1.43E-05 7.14E-06 5.49E-06 
Village High Rd 2.57E-06 3.53E-07 1.05E-07 3.26E-07 7.81E-06 5.50E-07 1.40E-06 8.76E-06 7.65E-07 3.07E-06 1.94E-06 2.25E-06 1.33E-06 1.21E-06 4.95E-06 
Hilldon Ct 3.97E-06 1.73E-06 4.19E-07 2.58E-06 2.31E-05 2.86E-06 1.34E-05 2.84E-05 4.22E-06 1.40E-05 7.77E-06 7.79E-06 6.30E-06 3.35E-06 2.75E-05 
Lawrence Dr 7.14E-06 2.03E-06 4.38E-07 3.79E-06 2.63E-05 3.58E-06 2.54E-05 4.35E-05 5.12E-06 1.76E-05 8.62E-06 1.05E-05 1.01E-05 5.39E-06 6.19E-05 
Patrick Rd 3.01E-06 5.00E-07 2.21E-07 1.04E-06 1.04E-05 1.18E-06 4.41E-06 9.36E-06 9.95E-07 3.61E-06 2.14E-06 1.51E-06 1.39E-06 1.93E-06 1.16E-05 
Stevens St 2.73E-06 6.84E-07 1.88E-07 7.18E-07 1.21E-05 1.52E-06 3.05E-06 1.41E-05 2.09E-06 7.14E-06 4.35E-06 7.24E-06 3.32E-06 2.53E-06 1.70E-05 
Carine Ct 3.51E-06 5.82E-07 2.37E-07 8.43E-07 7.53E-06 5.67E-07 4.05E-06 1.45E-05 7.17E-07 2.39E-06 1.54E-06 1.21E-06 1.63E-06 1.09E-06 9.01E-06 
Merloo Dr 1.75E-06 5.17E-07 2.77E-07 9.29E-07 5.99E-06 7.64E-07 3.72E-06 9.77E-06 8.12E-07 2.32E-06 1.64E-06 1.35E-06 1.57E-06 1.05E-06 6.43E-06 
Winchester Dr 4.14E-06 9.88E-07 3.48E-07 1.16E-06 9.32E-06 7.64E-07 5.32E-06 1.96E-05 1.27E-06 3.75E-06 2.57E-06 2.14E-06 2.70E-06 1.79E-06 1.41E-05 
Yarrimbah Dr 3.00E-06 1.66E-06 5.06E-07 2.03E-06 1.23E-05 1.66E-06 9.40E-06 2.68E-05 3.11E-06 8.05E-06 5.50E-06 6.36E-06 6.28E-06 2.55E-06 1.98E-05 
Latimers Crossing Rd 7.41E-07 2.72E-07 2.21E-07 7.43E-07 3.87E-06 7.64E-07 2.60E-06 4.90E-06 5.22E-07 1.45E-06 1.06E-06 8.58E-07 9.13E-07 6.24E-07 2.95E-06 
Nerang-Murwillumbah 
Rd 
8.17E-07 3.71E-07 2.73E-07 9.06E-07 4.45E-06 9.26E-07 3.14E-06 5.97E-06 7.39E-07 1.93E-06 1.44E-06 1.23E-06 1.26E-06 8.20E-07 3.86E-06 
Parkway Dr 4.30E-07 2.19E-08 2.79E-08 1.66E-07 1.75E-06 1.93E-07 9.17E-07 1.62E-06 3.60E-08 2.03E-07 9.50E-08 6.85E-08 1.02E-07 5.10E-08 4.09E-07 
Tangara Rd 4.30E-07 2.19E-08 2.79E-08 1.66E-07 1.75E-06 1.93E-07 9.17E-07 1.62E-06 3.60E-08 2.03E-07 9.50E-08 6.85E-08 1.02E-07 5.10E-08 4.09E-07 
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Concentrations of HMs in stormwater show significant variability. Table 6.26 shows 
the average concentration of each HM in stormwater from the study sites based on 
Table 6.22 and the sequence is ranked from the highest to the lowest. As can be seen 
from Table 6.26, Fe and Al in stormwater are the two highest while other HMs 
present lower concentrations in stormwater and this is consistent with previous 
research studies on stormwater pollution (Kayhanian et al. 2007; Makepeace et al. 
1995). Concentrations of HMs in stormwater from the four road sites in each suburb 
were also averaged and shown in Figure 6.14. From Figure 6.14, it can be noted that 
the concentrations of HMs are the highest in stormwater from the industrial suburb. 
Stormwater from commercial area contains the second highest concentrations of 
HMs, followed by residential area while stormwater from natural area has the lowest 
HM concentration. 
Table 6.26 Average concentration of each HM in stormwater from the study 
sites 
Heavy Metals Concentration [ppm] 
Fe 3.012764 
Al 1.177431 
Zn 0.08125 
Mn 0.046943 
Cu 0.03106 
Pb 0.012372 
Ni 0.006778 
Cr 0.003429 
Cd 4.97E-05 
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C – commercial; M – mixed; I – industrial; R – residential; N – natural. 
Figure 6.14 Concentrations of HMs in stormwater  
Concentrations of PAHs in stormwater show less variability compared to HMs. The 
average concentration of PAHs from each suburb is shown in Figure 6.15. The 
concentrations of PAHs in stormwater show the highest in the industrial suburb 
while the lowest is in the natural suburb. Stormwater from commercial and 
residential suburbs presents similar concentration of PAHs. 
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C – commercial; M – mixed; I – industrial; R – residential; N – natural. 
Figure 6.15 Concentrations of PAHs in stormwater 
6.5 CONCLUSIONS 
This chapter presents the approaches adopted to convert pollutant build-up loads 
obtained from field investigations into concentrations in stormwater and relate these 
concentrations to traffic and land use characteristics. The main conclusions derived 
are as follows. 
 Pollutant loads in build-up were successfully converted to concentrations in 
stormwater by using stormwater quality and quantity modelling approaches. 
EMC of TS was calculated as the ratio between wash-off load of TS and 
stormwater runoff volume. The stormwater quality modelling method 
adopted to estimate the load of TS in stormwater runoff from an urban 
catchment is a robust method and was based on the build-up equation 
developed by Sartor et al.(1974) and wash-off equation developed by 
Egodawatta (2007). It was confirmed that the hydrologic and hydraulic 
simulation procedure developed can provide a reliable estimation of the 
runoff volume from a series of rainfall events. 
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 Concentration of HMs and PAHs in stormwater runoff was successfully 
estimated as a function of DTV and land use percentage (i.e. C, I and R). An 
example of the mathematical equation developed using the R software is 
presented below and the complete set of equations are presented in Table 6.18 
to 6.21. These equations are useful in estimating pollutant concentrations 
from unmonitored sites. 
Al=exp(5.058-2.047×lnDTV+0.1743×(lnDTV)
2
+1.731×C+1.092×R) 
where: Al – concentration of Al in stormwater; 
DTV – daily traffic volume (vehicles per day (VPD)); 
C, I, R – percentage of commercial, industrial and residential land use 
area within 1km radius from interested location 
exp/ln – exponential/logarithmic function. 
 The concentrations of HMs in stormwater were high for the industrial suburb 
compared to other land uses. Stormwater from the commercial area contained 
the second highest concentrations of HMs, followed by residential area, while 
stormwater runoff from the natural area had the lowest HM concentration. 
 Concentrations of PAHs in stormwater show relatively lower variability 
compared to HMs. The concentrations of PAHs in stormwater were the 
highest in the industrial suburb while the lowest was in the natural suburb. 
Stormwater from commercial and residential suburbs had similar 
concentration of PAHs. 
 
 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 141
Chapter 7: Human Health Risk Assessment 
Due to Toxic Chemical 
Pollutants in Stormwater 
7.1 BACKGROUND 
As toxic chemical pollutants in stormwater have been found to be over the guideline 
values (Zgheib et al. 2012), management of risks posed by toxic chemical pollutants 
in stormwater is important. Risk management refers to the coordination of activities 
to direct and control risk (AS/NZS 2009). As the critical foundation of risk 
management, risk assessment is meant to provide evidence-based information and 
analysis to make informed decisions on how to treat particular risks and how to 
select between possible options for mitigation (BS 2010). It is in this context that the 
presence of heavy metals (HMs) and polycyclic aromatic hydrocarbons (PAHs) in 
stormwater need to be considered. HMs and PAHs are two of the most toxic 
chemical pollutants in stormwater in relation to human health among those generated 
from traffic and urban land use activities. 
Baseline data used in the analyses undertaken in this chapter were obtained from the 
laboratory testing discussed in Chapter 5. The baseline data were translated to 
pollutant concentrations in stormwater according to the procedures discussed in 
Chapter 6. 
In this chapter, the four main steps in risk assessment in terms of hazard 
identification, exposure assessment, dose-response assessment and risk 
characterisation (Khan 2010) as presented in Section 2.6.2 are discussed. Based on 
these four steps, an integrated risk assessment model of HMs and PAHs in 
stormwater was developed and presented in this chapter. 
7.2 RISK ASSESSMENT MODEL DEVELOPMENT 
The general risk assessment procedure was discussed in Section 2.6.2. However, risk 
in different contexts must be assessed based on a specific situation. For example, 
Kalaiarasan et al. (2009) analysed the risk to different aged people from inhalation of 
traffic generated fine particles (PM2.5) and thereby the researchers took age-specific 
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breathing rates and body weights for different age categories into consideration. In 
this study, the risk to human health from HMs and PAHs in stormwater was assessed 
based on identifying the toxicity of pollutants, various exposure pathways, dose-
response relationship and risk characterisation procedure. 
7.2.1 Hazard Identification 
As discussed above, the presence of traffic and land use generated HMs and PAHs in 
stormwater can be hazardous to human health (Qureshi and Dutka 1979). In terms of 
HMs, the hazardous nature is primarily due to the toxicity and non-degradable nature 
of HMs in the stormwater (Sansalone and Buchberger 1997). HMs in stormwater can 
lead to both chronic and acute toxic effects on humans when people come into 
contact with stormwater (Chiew et al. 1997). Chronic toxic effects are gradual with 
metals building-up in the organisms which cause long-term illness and eventually, 
death; while acute effects are sudden illness or death caused by the high 
concentrations. Some extremely toxic HMs such as Pb and Cd can lead to 
significantly adverse effects on humans even if present at trace levels of exposure 
(Hu 2002). Once absorbed into the human body, Pb usually results in hypertension. 
Renal dysfunction is the most serious illness due to exposure to Cd (Johri et al. 
2010). In addition to Pb and Cd, other metals also have the potential to exert human 
health impact. Al is a well-known neurotoxicant and accumulation in the body can 
lead to damage to the nervous system (Arain et al. 2015). Mn has been found to 
contribute to Parkinson’s disease which makes people’s posture unstable and 
disordered (van der Mark et al. 2015). Hexavalent Cr is the most toxic form of Cr 
and particularly carcinogenic to the lungs (Nigam et al. 2014). Other forms of Cr are 
also toxic to skin and can cause allergic reactions and skin ulcers (Shelnutt et al. 
2007). Ni can cause cancer and other toxic impacts such as allergies and skin disease 
(Zoroddu et al. 2014). Although Cu, Fe and Zn are essential metals for the human 
body, an excessive intake cause symptoms such as nausea, vomiting and damage to 
organs (Nordberg et al. 2014). 
PAHs are ubiquitous in the urban environment and persistent in urban road dust and 
stormwater runoff. Same as HMs, the existence of PAHs can exert human health 
impacts. The most concerning arising from the toxicity of PAHs is the carcinogenic 
effects on skin, lungs and bladder (Baird et al. 2005; Baudouin et al. 2002; Chen and 
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Liao 2006). The 16 PAHs identified as priority pollutants by the USEPA exist in 
most environmental samples and are carcinogenic. As discussed in Section 5.5.6, 
only 15 PAHs listed as priority pollutants were tested in the build-up samples 
collected (USEPA 1984). One of the listed priority PAHs were not tested due to the 
absence of that PAH in the standards. Therefore, this project considered the risks 
posed by 15 PAHs as a mixture. 
7.2.2 Exposure Assessment 
According to USEPA (1989), people can be exposed to HMs and PAHs in surface 
water through three typical pathways: 
 ingestion of surface water as drinking water; 
 incidental ingestion of surface water while swimming; 
 dermal contact with surface water. 
Surface water is the water on the earth’s surface and urban stormwater runoff can be 
considered as a component of surface water. Therefore, the three exposure pathways 
identified for surface water were considered relevant for exposure assessment in this 
project. 
Quantification of intake of HMs and PAHs in stormwater runoff was determined 
according to the equations defined by USEPA (1989). Daily intake by an individual 
adult through ingestion of surface water as drinking water, incidental ingestion of 
surface water while swimming and dermal contact with surface water were 
calculated using Equation 7.1, 7.2 and 7.3, respectively. 
Intake from ingestion of surface water as drinking water: 
𝐼𝑛𝑡𝑎𝑘𝑒𝑊𝑎𝑡𝑒𝑟𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛⁡(𝑚𝑔/𝑘𝑔 ∙ 𝑑𝑎𝑦) =
𝐶⁡⁡ ×⁡𝐼𝑅𝑊 ⁡× ⁡𝐸𝐹 × ⁡𝐸𝐷
𝐵𝑊 × 365 𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟⁄ × 𝐴𝑇
 
  Equation 7.1 
where: 𝐶 – concentration of HMs or PAHs in stormwater (mg/L); 
𝐼𝑅𝑊 – water ingestion rate (L/day); 
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𝐸𝐹 – exposure frequency (days/year); 
𝐸𝐷 – exposure duration (years); 
𝐵𝑊 – body weight of an adult (kg); 
𝐴𝑇 – averaging time during exposure (years). 
Intake from incidental ingestion of surface water while swimming: 
𝐼𝑛𝑡𝑎𝑘𝑒𝑆𝑤𝑖𝑚𝑚𝑖𝑛𝑔𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛(𝑚𝑔/𝑘𝑔 ∙ 𝑑𝑎𝑦) =
𝐶⁡⁡ × ⁡𝐶𝑅⁡ ×⁡𝐸𝑇𝐷 × 𝐸𝐹𝐷 × ⁡𝐸𝐷
𝐵𝑊 × 365𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟⁄ × 𝐴𝑇
 
  Equation 7.2 
where: 𝐶 – concentration of HMs or PAHs in stormwater (mg/L);  
𝐶𝑅 – contact rate (L/hour); 
𝐸𝑇𝐷 – exposure time while swimming (hours/event); 
𝐸𝐹𝐷 – exposure frequency for swimming (events/year); 
𝐸𝐷 – exposure duration (years); 
𝐵𝑊 – body weight (kg); 
𝐴𝑇 – averaging time during exposure (years). 
Intake from dermal contact with surface water: 
𝐼𝑛𝑡𝑎𝑘𝑒𝐷𝑒𝑟𝑚𝑎𝑙𝐶𝑜𝑛𝑡𝑎𝑐𝑡⁡(𝑚𝑔/𝑘𝑔 ∙ 𝑑𝑎𝑦) =
𝐶⁡⁡ × ⁡𝑆𝐴⁡ × ⁡𝑃𝐶⁡ × 𝐸𝑇𝐷 × 𝐸𝐹𝐷 × ⁡𝐸𝐷 × 𝐶𝐹
𝐵𝑊 × 365 𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟⁄ × 𝐴𝑇
 
  Equation 7.3 
where: 𝐶 – concentration of HMs or PAHs in stormwater (mg/L); 
𝑆𝐴 – skin surface area available for contact (cm2); 
𝑃𝐶 – chemical-specific dermal permeability constant (cm/hour); 
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𝐸𝑇𝐷 – exposure time while swimming (hours/event); 
𝐸𝐹𝐷 – exposure frequency for swimming (events/year); 
𝐸𝐷 – exposure duration (years); 
𝐶𝐹 – volumetric conversion for water; 
𝐵𝑊 – body weight (kg); 
𝐴𝑇 – averaging time during exposure (years). 
The parameters included in Equation 7.1, 7.2 and 7.3 used values recommended by 
USEPA (1989) and presented in Table 7.1. The parameter values for a given 
exposure pathway are justified on the basis that the parameters result in an estimation 
of the reasonable maximum exposure for that pathway according to professional 
judgement (USEPA 1989). Substituting the parameters listed in Table 7.1 into 
Equation 7.1, 7.2 and 7.3 and the daily intake of HMs and PAHs can be calculated 
based on Equation 7.4, 7.5 and 7.6. 
Table 7.1 Parameters in Equation 7.1, 7.2 and 7.3 (USEPA 1989) 
Parameter IRW EF ED BW AT - 
Value 2 L/day 365 
days/year 
30 years 70 kg 70 years - 
Parameter CR ETD EFD SA PC CF 
Value 0.05 
L/hour 
2.6 
hour/event 
7 
events/year 
18000 cm
2
 0.7 
cm/hour 
1L/1000 cm
3
 
 
 𝐼𝑛𝑡𝑎𝑘𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 = 𝐶 ×
21900
1788500
 Equation 7.4 
 𝐼𝑛𝑡𝑎𝑘𝑒𝑠𝑤𝑖𝑚𝑚𝑖𝑛𝑔𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 = 𝐶 ×
27.3
1788500
 Equation 7.5 
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 𝐼𝑛𝑡𝑎𝑘𝑒𝑑𝑒𝑟𝑚𝑎𝑙𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐶 ×
6879.6
1788500
 Equation 7.6 
where : 𝐶 – concentration of HMs or PAHs in stormwater (mg/L). 
Concentrations of HMs and PAHs associated with total solids and fine solids 
(<150µm) in stormwater runoff were calculated according to Table 6.18 to 6.21. In 
terms of HMs, concentration of each HM was substituted into Equation 7.4 to 7.6 to 
estimate intake of that HM from stormwater. However, the situation for PAHs was 
different as the risk assessment for PAHs was conducted as a mixed group rather 
than individually. 
For assessing the risk posed by PAHs, toxic equivalent factor (TEF) approach was 
adopted. This was based on the outcomes of literature review presented in 2.6.3. As 
outlined in the review, there are three widely used approaches to assess risk from 
PAH mixtures including using benzo[a]pyrene (B[a]P) as a surrogate marker, 
comparative potency approach and TEF approach. However, the first two approaches 
were deemed not suitable for this project. The first approach assumes that the relative 
PAH concentration is stable in different mixtures. However, this assumption is not 
realistic in the case of actual stormwater and therefore, it was not suitable for this 
project. The second approach has not been implemented by any regulatory agency 
and needs the essential bioassays. As bioassays were not included in this project, this 
approach was not considered. The third approach calculates the concentration of the 
PAH mixture as B[a]P-equivalent concentration (B[a]Peq) by assigning TEFs relative 
to B[a]P. Detailed information regarding the TEF approach can be found in Section 
2.6.3. Concentration of B[a]Peq associated with total solids and fine solids in 
stormwater runoff was calculated according to Equation 2.17. 
7.2.3 Dose-response Assessment 
Dose-response assessment was to determine the reference dose (RfD) of HMs and 
cancer slope factors (CSF) of PAHs. RfD and CSF were determined for both oral and 
dermal exposure according to methods proposed by IRIS (2015). Oral and dermal 
exposures were selected in accordance with three exposure pathways identified in 
Section 7.2.2 as the form of oral ingestions and dermal contact. 
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RfD of each HM through oral and dermal exposure was determined and is 
summarised in Table 7.2. Among the HMs discussed in the present project, Cd, Cr 
and Ni are carcinogens according to Section 7.2.1 and they are particularly 
carcinogenic to lung through inhalation (Oller et al. 1997; See and Balasubramanian 
2006; Verougstraete et al. 2003). However, due to the fact that inhalation is not a 
pathway for people to come into contact with stormwater runoff, carcinogenic effects 
of HMs were not taken into consideration in this project. 
As discussed in Section 7.2.1, the most concerning effect of PAHs to human health is 
the carcinogenic effects. For the reason that concentrations of PAHs were relative to 
the concentration of B[a]P, CSF of B[a]P needed to be determined. Furthermore, 
intake of PAHs was calculated through two exposure pathways including oral 
ingestion and dermal contact and thereby the CSF of B[a]P through the two exposure 
pathways were identified and as shown in Table 7.2. 
Table 7.2 RfD of HMs and CSF of B[a]P (IRIS 2015) 
Pollutant RfDoral 
[(mg/kg∙day)-1] 
RfDdermal 
[(mg/kg∙day)-1] 
CSForal 
[(mg/kg∙day)-1] 
CSFdermal 
[(mg/kg∙day)-1] 
Al 1 0.1 - - 
Cr 0.003 0.00006 - - 
Mn 0.02 0.00184 - - 
Fe 0.7  - - 
Ni 0.02 0.0054 - - 
Cu 0.04 0.012 - - 
Zn 0.3 0.06 - - 
Cd 0.0005 0.00001 - - 
Pb 0.0035 0.000525 - - 
B[a]P   7.3 25 
 
7.2.4 Risk Characterisation 
Based on the results of exposure assessment and dose-response assessment, risk from 
HMs and PAHs to human health were calculated in risk characterisation. 
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Risk from HMs 
Non-cancer risk resulting from HMs was evaluated by calculating the hazard 
quotient (HQ) and hazard index (HI) for HMs in stormwater. HQ is the ratio 
compared to the intake of one HM with the RfD of that HM while HI is the 
combined toxic effects of HM mixture. HQ for one HM was calculated by 
comparison of the daily intake of HM against the RfD of the HM through the 
corresponding exposure pathway. Accordingly, HQ through oral ingestion and 
dermal contact with one HM in stormwater was calculated using Equation 7.7 and 
7.8, respectively. 
𝐻𝑄𝑖𝑜𝑟𝑎𝑙 =
𝐼𝑛𝑡𝑎𝑘𝑒𝑖𝑊𝑎𝑡𝑒𝑟𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 + 𝐼𝑛𝑡𝑎𝑘𝑒𝑖𝑆𝑤𝑖𝑚𝑚𝑖𝑛𝑔𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛
𝑅𝑓𝐷𝑖𝑜𝑟𝑎𝑙
 Equation 7.7 
where: 𝐻𝑄𝑖𝑜𝑟𝑎𝑙 – hazard quotient for the i
th
 HM through oral ingestion (unitless); 
𝐼𝑛𝑡𝑎𝑘𝑒𝑖𝑊𝑎𝑡𝑒𝑟𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛, 𝐼𝑛𝑡𝑎𝑘𝑒𝑖𝑆𝑤𝑖𝑚𝑚𝑖𝑛𝑔𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 – daily intake of the i
th
 HM 
in stormwater through ingestion from drinking or accidental ingestion while 
swimming (mg/kg∙day); 
𝑅𝑓𝐷𝑖𝑜𝑟𝑎𝑙 – reference dose of the i
th
 HM through oral ingestion (mg/kg∙day). 
 𝐻𝑄𝑖𝑑𝑒𝑟𝑚𝑎𝑙 =
𝐼𝑛𝑡𝑎𝑘𝑒𝐷𝑒𝑟𝑚𝑎𝑙𝐶𝑜𝑛𝑡𝑎𝑐𝑡
𝑅𝑓𝐷𝑖𝑑𝑒𝑟𝑚𝑎𝑙
 Equation 7.8 
where: 𝐻𝑄𝑖𝑑𝑒𝑟𝑚𝑎𝑙 – hazard quotient for the i
th
 HM through dermal contact (unitless); 
𝐼𝑛𝑡𝑎𝑘𝑒𝐷𝑒𝑟𝑚𝑎𝑙𝐶𝑜𝑛𝑡𝑎𝑐𝑡  – daily intake of the i
th
 HM in stormwater through 
dermal contact while swimming (mg/kg∙day); 
𝑅𝑓𝐷𝑖𝑑𝑒𝑟𝑚𝑎𝑙  – reference dose of the i
th
 HM through dermal contact 
(mg/kg∙day). 
Based on Equations 7.4, 7.5, 7.6, 7.7 and 7.8, HQ for the i
th
 HM through oral 
ingestion and dermal contact was calculated using Equation 7.9 and 7.10, 
respectively. 
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 𝐻𝑄𝑖𝑜𝑟𝑎𝑙 =
𝐶𝐻𝑀𝑖
𝑅𝑓𝐷𝑖𝑜𝑟𝑎𝑙
×
21927.3
1788500
 Equation 7.9 
 𝐻𝑄𝑖𝑑𝑒𝑟𝑚𝑎𝑙 =
𝐶𝐻𝑀𝑖
𝑅𝑓𝐷𝑖𝑑𝑒𝑟𝑚𝑎𝑙
×
6879.6
1788500
 Equation 7.10 
where: 𝐶𝐻𝑀𝑖 – concentration of the i
th
 HM in stormwater. 
HQ<1 indicates that toxic effects on humans who are exposed to the corresponding 
HM in stormwater during their lifetime may not be of a concern. It is believed that 
the HM would have toxic influence on human health in the range of HQ>1. 
In order to evaluate the combined risk of all HMs, HI for multiple HMs was 
calculated by the summation of HQ for each HM through various exposure 
pathways. Similar to HQ, HI<1 indicates that humans would not be subject to risk 
from multiple HMs, while HI>1 means that HMs might exert toxic effects on human 
health. HI was calculated using Equation 7.11. 
𝐻𝐼 =∑𝐻𝑄𝑖𝑜𝑟𝑎𝑙 +∑𝐻𝑄𝑖𝑑𝑒𝑟𝑚𝑎𝑙 =
21927.3
1788500
×∑
𝐶𝐻𝑀𝑖
𝑅𝑓𝐷𝑖𝑜𝑟𝑎𝑙
+
6879.6
1788500
×∑
𝐶𝐻𝑀𝑖
𝑅𝑓𝐷𝑖𝑑𝑒𝑟𝑚𝑎𝑙
 
  Equation 7.11 
where: 𝐻𝐼 – hazard index for multiple HMs through various exposure pathways. 
According to Table 7.2, HI for multiple HMs was estimated using the following 
equation: 
𝐻𝐼 =
21927.3
1788500
× (
𝐶𝐴𝑙
1
+
𝐶𝐶𝑟
0.003
+
𝐶𝑀𝑛
0.02
+
𝐶𝐹𝑒
0.7
+
𝐶𝑁𝑖
0.02
+
𝐶𝐶𝑢
0.04
+
𝐶𝑍𝑛
0.3
+
𝐶𝐶𝑑
0.0005
+
𝐶𝑃𝑏
0.0035
) +
6879.6
1788500
× (
𝐶𝐴𝑙
0.1
+
𝐶𝐶𝑟
0.00006
+
𝐶𝑀𝑛
0.00184
+
𝐶𝑁𝑖
0.0054
+
𝐶𝐶𝑢
0.012
+
𝐶𝑍𝑛
0.06
+
𝐶𝐶𝑑
0.00001
+
𝐶𝑃𝑏
0.000525
) 
  Equation 7.12 
Risk from PAHs 
Cancer risk from PAHs was estimated as the incremental lifetime cancer risk (ILCR) 
referring to an individual who is exposed to PAHs in stormwater during his or her 
lifetime. According to Section 2.6.2, ILCR was calculated by multiplying the daily 
intake of B[a]Peq by CSF. Oral ingestion of PAHs in stormwater was considered 
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from two possible exposure pathways of ingestion of stormwater; as drinking water 
and incidental ingestion while swimming. Accordingly, the cancer risk through oral 
ingestion was calculated using Equation 7.13. 
𝐼𝐿𝐶𝑅𝑜𝑟𝑎𝑙 = (𝐼𝑛𝑡𝑎𝑘𝑒𝑊𝑎𝑡𝑒𝑟𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 + 𝐼𝑛𝑡𝑎𝑘𝑒𝑆𝑤𝑖𝑚𝑚𝑖𝑛𝑔𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛) × 𝐶𝑆𝐹𝑜𝑟𝑎𝑙 
  Equation 7.13 
where: 𝐼𝐿𝐶𝑅𝑜𝑟𝑎𝑙 – cancer risk probability through oral ingestion (unitless); 
𝐼𝑛𝑡𝑎𝑘𝑒𝑊𝑎𝑡𝑒𝑟𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 , 𝐼𝑛𝑡𝑎𝑘𝑒𝑆𝑤𝑖𝑚𝑚𝑖𝑛𝑔𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛  – daily intake of PAHs in 
stormwater through ingestion from drinking or incidental ingestion while 
swimming (mg/kg∙day); 
𝐶𝑆𝐹𝑜𝑟𝑎𝑙 – cancer slope factor of B[a]P through oral ingestion ((mg/kg∙day)
-1
). 
Dermal contact with PAHs while swimming in stormwater was considered as the 
exposure pathway via skin. The cancer risk through dermal contact was calculated 
using Equation 7.14. 
 𝐼𝐿𝐶𝑅𝑑𝑒𝑟𝑚𝑎𝑙 = 𝐼𝑛𝑡𝑎𝑘𝑒𝐷𝑒𝑟𝑚𝑎𝑙𝐶𝑜𝑛𝑡𝑎𝑐𝑡 × 𝐶𝑆𝐹𝑑𝑒𝑟𝑚𝑎𝑙 Equation 7.14 
where: 𝐼𝐿𝐶𝑅𝑑𝑒𝑟𝑚𝑎𝑙 – cancer risk probability through dermal contact (unitless); 
𝐼𝑛𝑡𝑎𝑘𝑒𝐷𝑒𝑟𝑚𝑎𝑙𝐶𝑜𝑛𝑡𝑎𝑐𝑡 – daily intake of PAHs in stormwater through dermal 
contact while swimming (mg/kg∙day); 
𝐶𝑆𝐹𝑑𝑒𝑟𝑚𝑎𝑙  – cancer slope factor of B[a]P through dermal contact 
((mg/kg∙day)-1). 
Combined cancer risk of pollutants is typically calculated by the summation of risk 
through various exposure pathways. In this regard, exposure to cancer risk from 
PAHs in stormwater by an individual during his or her lifetime was estimated by the 
summation of risk through oral and dermal contact: 
 𝐼𝐿𝐶𝑅 = 𝐼𝐿𝐶𝑅𝑜𝑟𝑎𝑙 + 𝐼𝐿𝐶𝑅𝑑𝑒𝑟𝑚𝑎𝑙 Equation 7.15 
According to Equations 7.4 to 7.6 and CSF for B[a]P in Table 7.2, ILCR exerted by 
PAHs was estimated as given below: 
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𝐼𝐿𝐶𝑅 = (𝐼𝑛𝑡𝑎𝑘𝑒𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 + 𝐼𝑛𝑡𝑎𝑘𝑒𝑠𝑤𝑖𝑚𝑚𝑖𝑛𝑔𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛) × 7.3 + 𝐼𝑛𝑡𝑎𝑘𝑒𝑑𝑒𝑟𝑚𝑎𝑙𝑐𝑜𝑛𝑡𝑎𝑐𝑡 × 25
= (𝐵𝑎𝑃𝑒𝑞 ×
21900
1788500
+ 𝐵𝑎𝑃𝑒𝑞 ×
27.3
1788500
) × 7.3 + 𝐵𝑎𝑃𝑒𝑞 ×
6879.6
1788500
× 25
= 𝐵𝑎𝑃𝑒𝑞 ×
332059.3
1788500
 
  Equation 7.16 
ILCR below 1×10
-6
 indicates that the probability of an individual who is exposed to 
PAHs in stormwater to be diagnosed with cancer as less than one in one millionth 
during the lifetime. According to USEPA (1989), this probability is not considered as 
significant. ILCR falling within range from 10
-6
 to 10
-4
 means that the cancer risk 
posed by PAHs is acceptable. However, ILCR greater than 10
-4
 implies that PAHs in 
stormwater have a significant probability to have carcinogenic effects on humans. 
7.2.5 Summary 
Risks posed by HMs and PAHs in stormwater runoff were assessed according to the 
four main steps defined in risk assessment. First, hazards in relation to HMs and 
PAHs were identified. HMs were considered as the non-carcinogenic toxic 
pollutants. The impact of concern to human health with respect to PAHs was the 
carcinogenic effects. Additionally, taking into consideration the combined toxicity of 
multiple PAHs, risk posed by PAHs was evaluated as a mixture. Second, three 
exposure pathways were identified, namely, ingestion of stormwater as drinking 
water, incidental ingestion of stormwater while swimming and dermal contact with 
stormwater. The daily intake of HMs and PAHs by an individual through the three 
pathways during lifetime was determined. Third, RfD for HMs and CSF for B[a]P 
was derived from data available in the USEPA database (IRIS 2015). Finally, risk of 
HMs and PAHs in stormwater from all study sites was determined. The four step risk 
assessment procedure as outlined above was undertaken to assess risks from HMs 
and PAHs associated with total and fine solids in stormwater, separately. Risks posed 
by HMs and PAHs in total solids and fine solids represent the upper and lower limit 
of the risk range, respectively. The calculation procedure for risk from HMs and 
PAHs in stormwater runoff to human health are summarised in Figure 7.1 and 7.2. 
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Figure 7.1 Non-cancer risk calculation procedure 
HQ𝑖 =
Intake𝐻𝑀𝑖
RfD
 
Non-carcinogenic effects: 
 
HI =∑HQi 
Non-cancer risk: 
Exposure 
Assessment 
Dose-response 
Assessment 
Concentrations of 9 HMs in stormwater 
C
Al
, C
Cd
, C
Cr
, C
Cu
, C
Fe
, C
Pb
, C
Mn
, C
Ni
, C
Zn
 
IntakeWateringestion⁡(mg/kg ∙ day) =
CHMi ×  IRW⁡ × ⁡EF ×  ED
BW× 365days year⁄ × AT
 
IntakeSwimmingingestion(mg/kg ∙ day) =
CHMi ×  CR⁡ × ⁡ETD × EFD ×  ED
BW× 365 days year⁄ × AT
 
IntakeDermalContact⁡(mg/kg ∙ day) =
CHMi ×  SA⁡ × ⁡PC⁡ × ET × EF ×  ED × CF
BW × 365 days year⁄ × AT
 
Intake of HMi (i = 9): 
  
  
Risk 
Characterisation 
RfDHMiOral   
RfDHMiDermal 
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Figure 7.2 Cancer risk calculation procedure 
Exposure 
Assessment 
Dose-response 
Assessment 
Risk 
Characterisation 
B[a]Peq =∑Ci
n
i=1
× TEFi + X 
Concentrations of 16 PAHs: B[a]P
eq
 in stormwater 
IntakeWateringestion⁡(mg/kg ∙ day) =
B[a]Peq ×  IRW⁡ × ⁡EF ×  ED
BW × 365days year⁄ × AT
 
IntakeSwimmingingestion(mg/kg ∙ day) =
B[a]Peq ×  CR⁡ × ⁡ETD × EFD ×  ED
BW× 365 days year⁄ × AT
 
IntakeDermalContact⁡(mg/kg ∙ day) =
B[a]Peq ×  SA⁡ × ⁡PC⁡ × ET × EF ×  ED × CF
BW × 365 days year⁄ × AT
 
Intake of B[a]P:  
  
  
CSFB[a]POral   
CSFB[a]PDermal 
Risk = Intake𝐵[𝑎]𝑃 × CSF 
Carcinogenic effects: 
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The procedure mainly included exposure assessment, dose-response assessment and 
risk characterisation in risk assessment. The final risk model was developed to 
estimate risk from HMs and PAHs based on traffic volume and land use. Risk from 
HMs associated with total solids and fine solids (<150µm) in stormwater runoff can 
be estimated using Equation 7.17 and 7.18. Risk from PAHs on total solids and fine 
solids (<150µm) in stormwater runoff can be estimated using Equation 7.19 and 
7.20. 
RiskHMtotal = 0.05 × e 5.058-2.047×lnDTV+0.1743×(lnDTV)^2+1.731×C+1.092×R + 
68.20 × e -8.6244+0.2630×lnDTV+2.9025×C+25.1244×I-100.2798×I^2+0.8461×R + 
2.70 × e -3.851+2.466×C+45.08×I-212.2×I^2+0.5679×R + 
0.02 × e -1.3398+0.2629×lnDTV+2.5012×C+21.7752×I-96.2173×I^2 + 
1.33 × e -8.7869+0.2321×lnDTV+4.0288×C+54.0466×I-203.4114×I^2+0.5166×R + 
0.63 × e -8.653+0.4779×lnDTV+5.841×C+24.78×I-93.96×I^2+0.557×R + 
0.10 × e -6.8975+0.4189×lnDTV+3.1094×C+46.8731×I-213.1362×I^2+1.2630×R + 
409.18 × e -14.62+0.6534×lnDTV+2.014×C-6.845×C^2+4.056×I-1.290×R+ 
10.83 × e -8.2979+0.4144×lnDTV+3.1837×C+25.0152×I-98.0013×I^2 
  Equation 7.17 
RiskHMfiner = 0.05 × e -13.3078+2.6629×lnDTV-0.1532×(lnDTV)^2-4.5435×C+12.4244×C^2+44.2164×I-204.9952×I^2+1.3108×R + 
68.20×e -26.9111+4.8640×lnDTV-0.3112×(lnDTV)^2-2.5523×C+12.1061×C^2+47.9003×I-204.0476×I^2+0.5839×R + 
2.70 × e -22.8705+4.4254×lnDTV-0.2716×(lnDTV)^2-4.9288×C+12.5600×C^2+55.7913×I-259.5832×I^2+1.0352×R + 
0.02 × e -13.6836+2.9047×lnDTV-0.1676×(lnDTV)^2+1.0934×C+44.7496×I-206.2285×I^2+0.7611×R + 
1.33 × e -27.9284+5.1500×lnDTV-0.3345×(lnDTV)^2+2.7383×C+72.2912×R-285.8606×R^2 + 
0.63 × e -22.7836+3.9198×lnDTV-0.2264×(lnDTV)^2+4.4768×C+29.4201×I-115.5464×I^2+0.5945×R + 
0.10 × e -17.4434+2.7467×lnDTV-0.1437×(lnDTV)^2+1.8575×C+42.1926×I-188.1349×I^2+1.6716×R + 
409.18 × e -24.1876+2.8568×lnDTV-0.1491×(lnDTV)^2-1.2810×C + 
10.83 × e -11.3228+0.6123×lnDTV-2.3663×C+11.9864×C^2+34.7190×I-140.0913×I^2+0.9244×R 
  Equation 7.18 
RiskPAHtotal = 
332059.3
1788500
⁡× 
0.001 × e -13.0057+2.2244×C+44.0004×I-208.5743×I^2+2.3271×R + 
0.001 × e -18.7764+0.6287×lnDTV-3.8347×C+11.3567×C^2+22.2219×I-98.2006×I^2+2.7677×R + 
0.001 × e -16.8329+0.3191×lnDTV-3.4542×C+7.6039×C^2+2.7041×I+1.2821×R + 
0.001 × e -15.0477+0.2792×lnDTV-5.2849×C+12.1146×C^2+25.0081×I-105.4251×I^2+1.2495×R + 
0.001 × e -12.7752+0.2335×lnDTV-1.8874×C+6.3417×C^2+23.2440×I-99.5676×I^2+1.4360×R + 
0.01 × e -15.7314+0.4039×lnDTV+3.3674×I + 
0.001 × e -13.9610+0.3248×lnDTV-8.9481×C+22.6337×C^2+47.6350×I-209.3615×I^2+0.9829×R + 
0.001 × e -13.83+0.4109×lnDTV-3.378×C+10.16×C^2+23.32×I-105.7×I^2+1.961×R + 
0.1 × e -19.1925+0.8233×lnDTV+1.3639×C+1.4070×I+1.6338×R + 
0.01 × e -16.72+0.6626×lnDTV+1.976×C+2.293×I+0.9365×R + 
0.1 × e -17.67+0.7247×lnDTV+1.903×C+1.216×R + 
1 × e -18.87+0.8781×lnDTV+2.277×C+1.491×R + 
0.1 × e -17.03+0.6054×lnDTV-3.352×C+13.33×C^2+30.97×I-144.9×I^2+1.762×R + 
5 × e -17.0912+0.5192×lnDTV+2.2610×C+25.0942×I-116.0339×I^2+1.6652×R + 
0.01 × e -15.42+0.5412×lnDTV+36.87×I-169.1×I^2+2.414×R 
  Equation 7.19 
 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 155
RiskPAHfiner = 
332059.3
1788500
⁡× 
0.001 × e -16.3586+0.3389×lnDTV-3.6059×C+10.9032×C^2+26.2000×I-114.5088×I^2+2.7176×R + 
0.001 × e -33.9416+4.5322×lnDTV-0.2551×(lnDTV)^2-7.2402×C+15.8078×C^2+3.6249×I+2.0391×R + 
0.001 × e -33.4097+4.6431×lnDTV-0.2887×(lnDTV)^2-7.6697×C+13.2273×C^2+3.1553×I+0.7180×R + 
0.001 × e -24.5371+2.4227×lnDTV-0.1281×(lnDTV)^2-9.4743×C+18.6256×C^2+5.7119×I+0.7102×R + 
0.001 × e -15.7154+0.4913×lnDTV+2.9205×I+1.3899×R + 
0.01 × e -23.0036+1.9973×lnDTV-0.0982×(lnDTV)^2-1.1322×C+3.1344×I + 
0.001 × e -17.1510+0.6483×lnDTV-11.0649×C+24.0136×C^2+6.6748×I+1.1306×R + 
0.001 × e -16.7735+0.6869×lnDTV-5.2783×C+11.9617×C^2+2.5159×I+2.1876×R + 
0.1 × e -33.4407+4.4578×lnDTV-0.2404×(lnDTV)^2-3.8908×C+9.5423×C^2+3.0062×I+1.4018×R + 
0.01 × e -25.441+2.593×lnDTV-0.118×(lnDTV)^2-1.810×C+6.126×C^2+3.071×I+1.506×R + 
0.1 × e -30.9075+4.0341×lnDTV-0.2181×(lnDTV)^2-2.5665×C+7.6256×C^2+2.5254×I+1.4022×R + 
1 × e -29.7000+3.4408×lnDTV-0.1608×(lnDTV)^2+0.8037×C+1.4459×R + 
0.1 × e -27.2442+2.8800×lnDTV-0.1307×(lnDTV)^2-6.2993×C+15.8776×C^2+2.4545×I+1.7137×R + 
5 × e -35.1046+5.2444×lnDTV-0.3172×(lnDTV)-4.3010×C+12.7056×C^2+31.1761×I-137.4866×I^2+1.6662×R + 
0.01 × e -25.9924+3.0257×lnDTV-0.1545×(lnDTV)^2-2.5337×C+29.9913×I-131.4012×I^2+2.4693×R 
  Equation 7.20 
where: DTV – daily traffic volume on the road (vehicles per day); 
C, I and R – percentage of commercial, industrial and residential area within 
1km around the road. 
7.3 RISK FROM HMs AND PAHs AT THE STUDY SITES 
7.3.1 Risk from HMs 
Based on Equation 7.17 and 7.18, HI of HMs associated with total solids and fine 
solids in stormwater from the twenty study sites were determined as shown in Table 
7.3 and 7.4. As shown in Table 7.3, HI representing five sites (Strathaird Rd in 
Benowa and Hilldon Ct, Lawrence Dr, Patrick Rd and Stevens St in Nerang) are 
greater than 1, implying that HMs associated with total solids in stormwater from 
these three sites would have potential toxic effects on human health. However, Table 
7.3 indicates that none of the HQ values for a single HM at these five sites is >1. 
This means that even though the influence of a single HM would not exert 
substantial risk to people, the presence of multiple HMs could be toxic to human 
health. This suggests that the conventional thresholds of toxicity levels in the form of 
individual pollutants should be upgraded to thresholds in HI. 
This finding also emphasises that it is important to take into consideration the risk 
from a HM mixture when assessing risk. Similar outcomes have also been derived 
from studies in other areas. For example, Zheng et al. (2007) evaluated risk to human 
health from five HMs via dietary and found that HQ of a single HM from consuming 
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one type of food was less than 1 while there might be risk through exposure to 
multiple HMs via the consumption of various types of food. 
 
 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 157
Table 7.3 HI of HMs associated with total solids in stormwater 
Site Al Cr Mn Fe Ni Cu Zn Cd Pb All HMs 
Hobgen St 0.0428 0.1412 0.0976 0.0345 0.0019 0.0064 0.0042 0.0089 0.0597 0.40 
St Paul Pl 0.0461 0.1677 0.1137 0.0414 0.0024 0.0095 0.0050 0.0094 0.0753 0.47 
Thornton St 0.0889 0.2743 0.1306 0.0768 0.0046 0.0298 0.0096 0.0267 0.1845 0.83 
Via Roma Dr 0.0912 0.2308 0.1091 0.0565 0.0031 0.0164 0.0086 0.0229 0.1247 0.66 
De Haviland Av 0.0493 0.1713 0.1246 0.0382 0.0025 0.0089 0.0050 0.0062 0.0658 0.47 
Mediterranean Dr 0.0554 0.1909 0.1236 0.0406 0.0026 0.0100 0.0061 0.0075 0.0734 0.51 
Strathaird Rd 0.1489 0.5735 0.2396 0.1320 0.0117 0.1135 0.0221 0.0109 0.3676 1.62 
Village High Rd 0.0619 0.2484 0.1564 0.0539 0.0039 0.0186 0.0079 0.0073 0.1053 0.66 
Hilldon Ct 0.0874 0.5346 0.1427 0.0868 0.0364 0.0459 0.0151 0.0667 0.3466 1.36 
Lawrence Dr 0.1309 0.6850 0.3069 0.1305 0.0576 0.0526 0.0373 0.1000 0.5103 2.01 
Patrick Rd 0.0388 0.4375 0.2440 0.0729 0.0369 0.0265 0.0133 0.0232 0.2233 1.12 
Stevens St 0.0874 0.3332 0.2168 0.0892 0.0079 0.0277 0.0168 0.0343 0.2171 1.03 
Carine Ct 0.0395 0.1064 0.0819 0.0235 0.0012 0.0030 0.0031 0.0048 0.0354 0.30 
Merloo Dr 0.0305 0.0912 0.0687 0.0261 0.0011 0.0031 0.0025 0.0092 0.0419 0.27 
Winchester Dr 0.0431 0.1194 0.0823 0.0261 0.0013 0.0037 0.0038 0.0061 0.0419 0.33 
Yarrimbah Dr 0.0629 0.1343 0.0698 0.0376 0.0015 0.0061 0.0047 0.0220 0.0744 0.41 
Latimers Crossing Rd 0.0216 0.0699 0.0575 0.0261 0.0009 0.0026 0.0017 0.0138 0.0419 0.24 
Nerang-Murwillumbah Rd 0.0236 0.0754 0.0575 0.0282 0.0010 0.0030 0.0019 0.0167 0.0472 0.25 
Parkway Dr 0.0223 0.0458 0.0575 0.0171 0.0006 0.0012 0.0009 0.0048 0.0215 0.17 
Tangara Rd 0.0223 0.0458 0.0575 0.0171 0.0006 0.0012 0.0009 0.0048 0.0215 0.17 
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Table 7.4 HI of HMs associated with solids<150µm in stormwater 
Site Al Cr Mn Fe Ni Cu Zn Cd Pb All HMs 
Hobgen St 0.0059 0.0183 0.0122 0.0046 0.0000 0.0016 0.0011 0.0026 0.0102 0.06 
St Paul Pl 0.0052 0.0192 0.0106 0.0048 0.0000 0.0021 0.0011 0.0024 0.0106 0.06 
Thornton St 0.0082 0.0363 0.0179 0.0087 0.0128 0.0069 0.0024 0.0054 0.0288 0.13 
Via Roma Dr 0.0096 0.0290 0.0206 0.0090 0.0000 0.0045 0.0027 0.0063 0.0244 0.11 
De Haviland Av 0.0046 0.0148 0.0081 0.0039 0.0000 0.0016 0.0010 0.0016 0.0094 0.04 
Mediterranean Dr 0.0066 0.0211 0.0128 0.0055 0.0000 0.0023 0.0015 0.0024 0.0124 0.06 
Strathaird Rd 0.0301 0.1769 0.0597 0.0121 0.0000 0.0196 0.0044 0.0041 0.1498 0.46 
Village High Rd 0.0068 0.0285 0.0131 0.0058 0.0000 0.0036 0.0016 0.0021 0.0166 0.08 
Hilldon Ct 0.0146 0.0947 0.0348 0.0146 0.0000 0.0132 0.0051 0.0070 0.0833 0.27 
Lawrence Dr 0.0410 0.1556 0.1122 0.0337 0.0020 0.0139 0.0108 0.0096 0.1971 0.58 
Patrick Rd 0.0129 0.0985 0.0346 0.0125 0.0000 0.0069 0.0031 0.0025 0.0430 0.21 
Stevens St 0.0158 0.0578 0.0417 0.0170 0.0017 0.0076 0.0044 0.0065 0.0417 0.19 
Carine Ct 0.0079 0.0163 0.0147 0.0034 0.0000 0.0007 0.0008 0.0021 0.0105 0.06 
Merloo Dr 0.0070 0.0194 0.0157 0.0037 0.0000 0.0009 0.0007 0.0030 0.0101 0.06 
Winchester Dr 0.0106 0.0233 0.0218 0.0047 0.0000 0.0011 0.0012 0.0030 0.0135 0.08 
Yarrimbah Dr 0.0130 0.0304 0.0302 0.0070 0.0000 0.0021 0.0018 0.0078 0.0242 0.12 
Latimers Crossing Rd 0.0046 0.0161 0.0113 0.0029 0.0003 0.0007 0.0004 0.0030 0.0075 0.05 
Nerang-Murwillumbah Rd 0.0055 0.0195 0.0140 0.0035 0.0003 0.0009 0.0005 0.0039 0.0090 0.06 
Parkway Dr 0.0011 0.0022 0.0015 0.0006 0.0000 0.0001 0.0001 0.0005 0.0028 0.01 
Tangara Rd 0.0011 0.0022 0.0015 0.0006 0.0000 0.0001 0.0001 0.0005 0.0028 0.01 
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Figure 7.3 illustrates the average contribution of a single HM to the HI of multiple 
HMs for the twenty sites. As shown in Figure 7.3, Cr contributes most to the risk 
from the HM mixture accounting for 34.05%. Contribution of Mn is the second 
largest at 22.35%, following by Pb accounting for 17.51%. Al and Fe contribute to 
the combined toxicity to a lesser extent at 10.34% and 8.61%, respectively. The 
contributions to risk from other HMs are much smaller accounting for 7.41% in total. 
Chapter 6 found that the concentrations of Al and Fe are much higher than the other 
HMs in stormwater. However, considering the risk posed by HMs shows that Cr, Mn 
and Pb are the most toxic to human health. This indicates that these three HMs can 
be highly toxic even at low concentrations. This further confirms that in order to 
assess the risk to human health from HMs, it is important to consider the HI of HMs 
rather than the concentration. 
 
Figure 7.3 Contribution of single HM to HI 
7.3.2 Risk from PAHs 
ILCR of PAHs in stormwater from the study sites was calculated based on Equation 
7.19 and 7.20. Table 7.5 and Table 7.6 present the ILCR of PAHs associated with 
total solids and fine solids in stormwater. 
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Table 7.5 ILCR of PAHs for total solids 
Site ILCR 
Hobgen St 4.26E-06 
St Paul Pl 4.64E-06 
Thornton St 1.02E-05 
Via Roma Dr 1.10E-05 
De Haviland Av 4.46E-06 
Mediterranean Dr 6.10E-06 
Strathaird Rd 2.09E-05 
Village High Rd 6.93E-06 
Hilldon Ct 1.18E-05 
Lawrence Dr 1.95E-05 
Patrick Rd 5.79E-06 
Stevens St 1.24E-05 
Carine Ct 3.49E-06 
Merloo Dr 2.71E-06 
Winchester Dr 4.54E-06 
Yarrimbah Dr 6.79E-06 
Latimers Crossing Rd 1.63E-06 
Nerang-Murwillumbah Rd 1.95E-06 
Parkway Dr 6.20E-07 
Tangara Rd 6.20E-07 
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Table 7.6 ILCR of PAHs for solids<150µm 
Site ILCR 
Hobgen St 1.31E-06 
St Paul Pl 1.20E-06 
Thornton St 2.98E-06 
Via Roma Dr 3.67E-06 
De Haviland Av 8.79E-07 
Mediterranean Dr 1.59E-06 
Strathaird Rd 8.98E-06 
Village High Rd 1.64E-06 
Hilldon Ct 4.99E-06 
Lawrence Dr 7.56E-06 
Patrick Rd 2.19E-06 
Stevens St 3.93E-06 
Carine Ct 1.34E-06 
Merloo Dr 1.33E-06 
Winchester Dr 2.22E-06 
Yarrimbah Dr 3.89E-06 
Latimers Crossing Rd 7.97E-07 
Nerang-Murwillumbah Rd 1.07E-06 
Parkway Dr 6.68E-08 
Tangara Rd 6.68E-08 
 
The contribution to risk of a single PAH to the combined risk from multiple PAHs 
was obtained from Table 7.7, which shows the number of benzene rings and TEF for 
each PAH. PAHs with relatively higher value of TEF will provide a significant 
contribution to the combined risk from multiple PAHs. As evident from Table 7.7, 
the TEFs of PAHs with relatively heavier molecular weight (5 or 6 benzene rings) 
are generally much higher than the PAHs with lighter molecular weight (2 to 4 
benzene rings). This indicates that the risk of PAHs in stormwater is primarily 
influenced by the heavy PAHs with 5 to 6 benzene rings. 
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Table 7.7 Number of benzene rings for PAHs 
Compounds Number of Benzene Rings TEFs 
Naphthalene 2 0.001 
Acenaphthylene 3 0.001 
Acenaphthene 3 0.001 
Anthracene 3 0.01 
Phenanthrene 3 0.001 
Fluorene 3 0.001 
Fluoranthene 4 0.001 
Pyrene 4 0.001 
Benzo[a]anthracene 4 0.1 
Chrysene 4 0.01 
Benzo[a]pyrene 5 1 
Benzo[b]fluoranthene 5 0.1 
Benzo[k]fluoranthene 5 0.1 
Benzo[ghi]perylene 6 0.01 
Indeno[1,2,3-cd]pyrene 6 0.1 
Dibenz[a,h]anthracene 5 5 
 
7.4 CONCLUSIONS 
From the estimated risk from HMs and PAHs in stormwater, the following 
conclusions were derived: 
 HMs and PAHs in stormwater can pose risk to human health through three 
exposure pathways, namely, oral ingestion when drinkin, dermal contact and 
incidental ingestion when swimming. ILCR can be used to assess risk from 
PAHs in stormwater while HI can be used to assess risk from HMs. Risk 
assessment can be undertaken based on the four steps defined in the risk 
assessment procedure including hazard identification, exposure assessment, 
dose-response assessment and risk characterisation.  
 A mathematical model was developed to assess the risk from HMs and PAHs 
associated with total solids and fine solids (<150µm) in stormwater. The 
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model employs parameters which are easy to collect including DTV and 
percentage of commercial, industrial and residential area within 1km of the 
area of interest. 
 Even though the influence of a single HM does not exert significant risk to 
people, the presence of multiple HMs could be toxic to human health. 
Therefore, the conventional thresholds of toxicity levels in the form of 
individual pollutants should be upgraded to thresholds in the form of HI from 
multiple HMs. 
 Cr contributes most to the combined risk arising from a HM mixture 
accounting for 34.05% of the overall risk. Contribution from Mn is the 
second highest at 22.35%, followed by Pb accounting for 17.51%. Al and Fe 
contribute to the combined toxicity to a lesser extent at 10.34% and 8.61%, 
respectively. The contributions to the combined risk from other HMs are 
much smaller amounting to 7.41% in total. 
 The risk calculated for HMs shows that Cr, Mn and Pb can be toxic even at a 
low concentration. Therefore, it can be concluded that in order to determine 
the risk to human health from HMs, it is important to consider their HI rather 
than the concentration level. 
 TEFs of heavy PAHs (5 or 6 benzene rings) are relatively higher than the 
light PAHs (2 to 4 benzene rings). This confirms that the risk from PAHs in 
stormwater is primarily influenced by the heavy PAHs with 5 to 6 benzene 
rings. 
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Chapter 8: Further Refinement of the 
Health Risk Assessment 
Approach 
8.1 BACKGROUND 
A risk model was developed in Chapter 7 to reliably evaluate the risk posed by toxic 
chemical pollutants in stormwater. In this model, risk assessment is expressed using 
mathematical equations and the risk was estimated using daily traffic volume (DTV) 
and percentage of land use area (C, I and R). However, the risk posed by pollutants 
in stormwater runoff is also significantly influenced by specific catchment 
characteristics in the surrounding area. In order to derive an in-depth understanding 
of the relationship between the risk posed by pollutants in stormwater runoff and 
traffic and land use characteristics, it is essential to take into consideration all 
influential parameters including DTV, C, I, R, and catchment characteristics. 
In this chapter, the risk posed by pollutants in stormwater is related to traffic and 
land use characteristics. Effects on risk due to DTV, C, I, R, and catchment 
characteristics are discussed. The influence by DTV, C, I and R was analysed via 
multivariate data analysis techniques, while the influence exerted by the catchment 
characteristics was assessed using both multivariate data analysis techniques and 
field investigations. Based on the influence of all the parameters, the developed 
model was upgraded with the incorporation of the influence exerted by the catchment 
characteristics. 
8.2 RELATIONSHIP BETWEEN RISK AND TRAFFIC AND LAND USE 
Hazard index (HI) of multiple heavy metals (HMs) and incremental lifetime cancer 
risk (ILCR) of multiple polycyclic aromatic hydrocarbons (PAHs) were calculated in 
Chapter 7 as shown in Table 7.3 to 7.6. These risk indices were calculated for the 
stormwater runoff generated from the selected 20 study sites from five different land 
use areas. Four sites from each land use area were selected such that they represent a 
range of traffic volumes specific to that land use. Furthermore, risks were calculated 
for pollutants attached to total solids and pollutants attached to fine solids (<150µm). 
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This was to define the upper limit of risk where all of the pollutants in stormwater 
column are available for exposure and lower limit of risk where the exposure is only 
in relation to the pollutants attached to the fine solids in suspension. 
The resulting upper limit and lower limit of HI and ILCR are presented in Figure 8.1 
to highlight their variation with traffic volume. As shown in Figure 8.1, both upper 
limit and lower limit of the risk posed by HMs and PAHs increase with the increase 
in DTV in the same land use area. This indicates that traffic volume is a critical 
factor influencing risk and higher traffic volumes lead to higher risk from toxic 
pollutants in stormwater runoff. 
Figure 8.1 also indicates that the variations in risk indices are unique for individual 
land use. This implies that in addition to traffic volume, HI and ILCR are also 
influenced by land use factors. Consequently, risks can be considered as specific to a 
land use area while varying within the land use due to influences such as traffic. 
While traffic variation can be represented in the form of DTV, it is important to 
understand the influential characteristics governing the variations in risks in relation 
to land use. It is hypothesised that for the same land use, stormwater from different 
road sites can exhibit different risks due to characteristics specific to those areas. For 
example, road sites in Surfers Paradise and Strathaird Road in Benowa belong to 
commercial land use. However, risks in relation to Strathaird Road are higher than 
risks in relation to the four roads at Surfers Paradise as shown in Figure 8.1. This 
indicates that the variation in risk cannot be directly related to the conventional urban 
land use types in terms of commercial, industrial and residential. The land use 
categorisation required for risk classification needs to take the specific characteristics 
of the catchment into consideration. Liu et al. (2012a) noted that urban form has 
significant influence on pollutant build-up and stormwater quality. Therefore, urban 
form was considered as a specific catchment parameter to assess risk. Additionally, it 
is not only the traffic volume in the study road sites that has impact on the build-up 
of pollutants, but also traffic properties in the vicinity exert influence on the build-up 
load and pollutant concentration in stormwater from the study sites. Accordingly, the 
surrounding traffic characteristics were also taken into consideration for risk 
assessment. These specific characteristics are different to DTV, C, I and R, which 
were used previously. At the same time, the specific catchment characteristics cannot 
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be expressed solely by numeric factors. Consequently, the specific catchment 
characteristics were separated into two components, as qualitative factors and 
quantitative factors. 
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Figure 8.1 (a) HI of HMs associated with total solids in stormwater from the five 
suburbs; (b) HI of HMs associated with fine solids in stormwater from the five 
suburbs (c) ILCR of PAHs associated with total solids in stormwater from the 
five suburbs; (d) ILCR of PAHs associated with fine solids in stormwater from 
the five suburbs 
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Based on the discussion above, risk arising from HMs and PAHs in stormwater 
runoff can be described by a function incorporating both, quantitative parameters and 
qualitative parameters as given Equation 8.1. 
 𝑅𝑖𝑠𝑘 = 𝑓(𝐷𝑇𝑉, 𝐶, 𝐼, 𝑅, 𝑢𝑟𝑏𝑎𝑛⁡𝑓𝑜𝑟𝑚, 𝑡𝑟𝑎𝑓𝑓𝑖𝑐) Equation 8.1 
where: 𝐷𝑇𝑉 – daily traffic volume (VPD); 
𝐶 , 𝐼 and 𝑅  – percentage of commercial, industrial and residential land use 
areas within 1km around the site; 
𝑢𝑟𝑏𝑎𝑛⁡𝑓𝑜𝑟𝑚 – urban form in the vicinity; 
𝑡𝑟𝑎𝑓𝑓𝑖𝑐 – traffic characteristics in the vicinity. 
Based on Equation 8.1, the influence of quantitative parameters and qualitative 
parameters on risk indices are discussed below. 
8.2.1 Quantitative Influence 
The GAIA method was employed to investigate the influence of traffic volume and 
conventional land use area percentage on risk posed by pollutants in stormwater 
runoff. GAIA is the descriptive companion method to PROMETHEE. The 
PROMETHEE method provides the result of the pairwise comparisons of the actions 
and ranking of all the actions from the best to the worst, while GAIA is the graphical 
description of PROMETHEE. Detailed information on PROMETHEE and GAIA 
method can be found in Section 3.4.3. In this section, the GAIA biplot was employed 
to depict the relationship between criteria and actions. 
Relationship between quantitative parameters and risk indices of ILCR and HI was 
analysed using GAIA. Two data matrices with 20 actions and 5 criteria were pre-
treated prior to analysis. Actions included in the data matrix refers to the twenty road 
sites while the five criteria included were, DTV, C, I, R, HI or ILCR. In order to 
exclude the influence of qualitative factors in this analysis, the original data were 
standardised on an individual land use area basis. This was done, since the qualitative 
influences within the same land use area are unique, while between land use areas 
they are different. Accordingly, the standardisation method discussed in Section 
3.4.3 was used in the form of Equation 8.2. 
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 𝑍𝑖𝑘 =
𝐶𝑖𝑘 − 𝐶𝑙
𝜎𝑖
 Equation 8.2 
where:⁡𝑍𝑖𝑘 ⁡– the k
th
 standardised data; 
𝐶𝑖𝑘 – the k
th
 original data in the i
th
 land use area; 
𝐶𝑙 – averaged value of the four data in the i
th
 land use area; 
𝜎𝑖 – standard deviation of the four data in the i
th
 land use area. 
Figure 8.2 gives the GAIA biplots to illustrate the relationship between the 
quantitative parameters and risk indices of HI and ILCR. As can be seen in the GAIA 
biplots, HI of HMs associated with total solids and fine solids present the same 
characteristics with quantitative parameters. ILCR of PAHs associated with total 
solids and fine solids also show the same analytical characteristic in the plots. HI and 
ILCR form acute angles with DTV, indicating risk is significantly influenced by 
traffic volume. This is consistent with the conclusion above based on Figure 8.1. 
Based on Figure 8.2 (a) and (b), the angles between vector HI and I are acute while 
the vector HI is almost orthogonal to vector C and R. This implies that the presence 
of industrial areas has stronger influence on HI of HMs in stormwater than the 
presence of commercial and residential areas. Figure 8.2 (c) and (d) show that vector 
ILCR and I form acute angles indicating strong influence while angles between 
vector ILCR and vector C and R are orthogonal indicating weak influence. The weak 
influence of commercial and residential land use factors on HI and ILCR indicates 
that conventional land use types are not adequate to explain the variation of risk with 
respect to the land use characteristics. Therefore, rather than solely using 
conventional land use type as a proxy, the specific characteristics within the 
surrounding area of the study sites were used for the assessment of risk variations 
based on qualitative parameters. 
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(a) 
(b) 
Surfers Paradise Benowa Nerang Clearview Estate Advancetown 
Surfers Paradise Benowa Nerang Clearview Estate Advancetown 
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Figure 8.2 (a) GAIA biplot for non-cancer risk of HMs (total solids) and study 
sites; (b) GAIA biplot for non-cancer risk of HMs (fine solids) and study sites; 
(c) GAIA biplot for cancer risk of PAHs (total solids) and study sites; (d) GAIA 
biplot for cancer risk of PAHs (fine solids) and study sites 
(c) 
(d) 
Surfers Paradise Benowa Nerang Clearview Estate Advancetown 
Surfers Paradise Benowa Nerang Clearview Estate Advancetown 
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8.2.2 Qualitative Influence 
Qualitative influences on risk posed by pollutants in stormwater are discussed based 
on detailed field investigation of the specific catchment characteristics around the 
road sites. As noted above, the conventional land use types and traffic volume at the 
road sites are not able to comprehensively interpret the risk of pollutants in 
stormwater. It was assumed that urban form and traffic characteristics within 1km 
around the road site exert the primary qualitative influence on risk (Goonetilleke et 
al. 2014). Accordingly, the investigation of the influence of qualitative parameters on 
risk was important to derive an improved understanding of the relationship between 
risk and traffic and land use. 
To enable this investigation, PROMETHEE and GAIA method was used. The 
PROMETHEE method was applied to compile the ranking of the combined effects 
on human health and the concentration of PAHs and HMs in stormwater runoff.  
For the PROMETHEE analysis, a data matrix consisting 20 actions (for the 20 study 
sites) and 2 criteria in terms of ILCR and HI was prepared for analysis. Since this 
analysis was undertaken to investigate the influence of qualitative factors on risk, the 
original data were used without standardisation. 
For the PROMETHEE analysis, both criteria (ILCR and HI) were maximised so that 
the highest risk was ranked first. Both criteria were assigned weightings of 1 to 
indicate identical importance with respect to the other criteria. For the analysis, a V-
shaped preference function was selected. V-shape preference function is a simple 
linear function with the bound between zero and a nominated threshold. The 
threshold (P) represents the corresponding criterion's scale and the maximum value 
in the corresponding criterion was selected as threshold. 
As the risk posed by pollutants is significantly dependent on the concentration of 
pollutants, concentration of PAHs and HMs was also ranked by PROMETHEE. A 
data matrix (20 actions × 24 criteria) was analysed which included the concentration 
of 15 PAHs and 9 HMs in stormwater (as the variables) from the 20 study sites (as 
the objects). In this case, the same analytical characteristics of PROMETHEE 
mentioned in the above analysis were used so that the outcomes were comparable. 
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Table 8.1 shows the result of PROMEHEE ranking of the combined risk and 
concentration of PAHs and HMs. In an overall assessment, stormwater from all four 
road sites in Nerang are ranked as high risk sites compared to sites from other four 
land use areas. The order of risk decreases in the sequence of Benowa, followed by 
Surfers Paradise and then Clearview Estate. Pollutants in stormwater from 
Advancetown are the least toxic to human health. This sequence is similar to the 
ranking of pollutant concentrations. This confirms that risk from pollutants in 
stormwater runoff is primarily dependent on the concentration of pollutants. High 
concentration of pollutants in stormwater leads to high risk to human health, and vice 
versa. 
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Table 8.1 PROMETHEE ranking of combined risk and concentration of PAHs 
and HMs 
Risk Concentration 
Rank Action Suburb Rank Action Suburb 
1 Lawrence Dr Nerang 1 Lawrence Dr Nerang 
2 Strathaird Rd Benowa 2 Strathaird Rd Benowa 
3 Hilldon Ct Nerang 3 Hilldon Ct Nerang 
4 Stevens St Nerang 4 Stevens St Nerang 
5 Thornton St 
Surfers 
Paradise 
5 Patrick Rd Nerang 
6 Via Roma Dr 
Surfers 
Paradise 
6 Via Roma Dr 
Surfers 
Paradise 
7 Patrick Rd Nerang 7 Thornton St 
Surfers 
Paradise 
8 Village High Rd Benowa 8 Yarrimbah Dr 
Clearview 
Estate 
9 Mediterranean Dr Benowa 9 Village High Rd Benowa 
10 Yarrimbah Dr 
Clearview 
Estate 
10 Mediterranean Dr Benowa 
11 St Paul Pl 
Surfers 
Paradise 
11 Winchester Dr 
Clearview 
Estate 
12 De Haviland Av Benowa 12 De Haviland Av Benowa 
13 Hogen St 
Surfers 
Paradise 
13 Carine Ct 
Clearview 
Estate 
14 Winchester Dr 
Clearview 
Estate 
14 St Paul Pl 
Surfers 
Paradise 
15 Carine Ct 
Clearview 
Estate 
15 Hogen St 
Surfers 
Paradise 
16 Merloo Dr 
Clearview 
Estate 
16 Merloo Dr 
Clearview 
Estate 
17 
Nerang 
Murwillumbah Rd 
Advancetown 17 
Nerang 
Murwillumbah Rd 
Advancetown 
18 Latimers Crossing Rd Advancetown 18 Latimers Crossing Rd Advancetown 
19 Parkway Dr Advancetown 19 Parkway Dr Advancetown 
19 Tangara Rd Advancetown 19 Tangara Rd Advancetown 
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The visual description of PROMETHEE result is presented as a GAIA biplot in 
Figure 8.3. It shows the relationship between risk arising from PAHs and HMs with 
the study sites. As can be seen from the biplot, the decision axis Pi points in the 
direction towards the right. This indicates that the risk from pollutants in stormwater 
from the sites on the right hand side is higher than those on the left hand side. 
Accordingly, the study sites were categorised into three groups; high risk, moderate 
risk and low risk from pollutants in stormwater. From the Figure 8.3, it can be seen 
that stormwater generated from seven road sites present high risk including 
Lawrence Dr, Hilldon Ct, Stevens St, Patrick Rd, Strathaird Rd, Thornton St and Via 
Roma Dr. Furthermore, Nerang Murwillumbah Rd, Latimers Crossing Rd, Parkway 
Dr and Tangara Rd are very close to each other and located to the left hand side in 
the plot. Hence, pollutants in stormwater runoff from these four road sites carry a 
low risk. The other nine road sites are in the middle of the plot and present moderate 
risk to human health from stormwater. This indicates that stormwater from road sites 
with high risk have the highest concentration of PAHs and HMs in stormwater, 
followed by the sites with moderate risk, while the concentration of pollutants in 
stormwater is the lowest at the sites with low risk. The reasons for these 
concentration levels of pollutants from these three groups of sites are discussed 
below. 
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Figure 8.3 GAIA biplot of the risk at the study sites 
A. Sites with Stormwater with High Risk 
Lawrence Dr, Hilldon Ct, Stevens St, Patrick Rd are the four road sites selected in 
Nerang. There are various industrial premises within this area with activities such as 
painting and panel repair, battery manufacture, welding, pipeline manufacture, steel 
and aluminium fabrication, timber processing, tile manufacture, car and motorcycle 
repairs and furniture manufacture and plumbing components manufacture (see Figure 
8.4 to 8.7). According to Section 2.4.2, industrial activities can generate large 
amounts of PAHs and HMs to build-up solids on road surfaces. For instance, 
painting materials have been identified to contain PAHs and painting workers are 
exposed to PAHs to a significant extent (Kho et al. 2014). PAHs can be generated 
during timber processing and furniture manufacturing due to the pyrolysis of the 
wood heated by friction through sawing (Bruschweiler et al. 2012). Metal industries 
are the main source of HMs in this area such as aluminium industries, steel 
fabrication and pipeline and plumbing components manufacture. Accordingly, the 
high risks arising from pollutants in stormwater from Nerang can be explained. In 
addition to the large number of industrial premises, the volume of traffic in Nerang 
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area is also much higher than other areas. This is another important reason for the 
higher concentrations of PAHs and HMs in stormwater from Nerang. 
 
Figure 8.4 Painting industry at Lawrence Dr 
 
Figure 8.5 Pipeline manufacturing at Hilldon Ct 
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Figure 8.6 Timber processing at Patrick Rd 
 
Figure 8.7 Furniture manufacturing at Stevens St 
Strathaird Rd is located in Benowa and the surrounding area includes various 
commercial activities such as car servicing, architectural services and sports 
equipment stores (see Figure 8.8). Due to various commercial activities in the 
surrounding area, traffic volume around this road is very high, leading to high 
loading of PAHs and HMs in road dust. Additionally, large numbers of vehicles are 
parked along the road side and there are also numerous open car parks in the vicinity 
(see Figure 8.9), resulting in frequent parking and starting activity and slow moving 
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traffic. This may result in increased oil leakage and vehicle wear on the road surface. 
As leakage of oil and incomplete combustion are the main sources of PAHs from 
traffic activities, and this would contribute to the PAHs built-up on the road.  
In addition to PAHs, a large quantity of HMs can also be generated from frequent 
braking and starting activities. According to Section 2.4.1, brake wear and tyre wear 
contribute high loadings of HMs to the build-up solids on the road surfaces. Except 
for traffic activities, there are numerous vehicle related businesses near Strathaird Rd 
such as car servicing which also generates significant PAHs and HMs (see Figure 
8.10). For example, car servicing entails activities such as oil change and car 
washing. Oil change inevitably contributes oil leakage to the road surface and car 
washing can generate significant quantity of solids and grease from the vehicle. Cu is 
a primary compound in lubricants used in vehicles to minimise friction, heat stress 
and wear of parts (Onianwa et al. 2003). Zn is also employed in lubricant oil as an 
antioxidant and detergent improver (Guo et al. 2012). Therefore, during car service, 
significant amount of PAHs and HMs can escape from the facility and contribute to 
build-up on road surfaces. Consequently, the high loading of pollutants around 
Strathaird Rd similar to the industrial sites can be justified. 
 
Figure 8.8 Commercial premises at Strathaird Rd 
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Figure 8.9 Car park near Strathaird Rd 
 
Figure 8.10 Motor vehicle related businesses at Strathaird Rd 
Thornton St and Via Roma Dr are two out of the four sites in Surfers Paradise ranked 
as high risk sites. Although Strathaird Rd, Thornton St and Via Roma Dr are all 
located in commercial areas, risk arising from pollutants in stormwater from 
Strathaird Rd is much higher compared to Thornton St and Via Roma Dr as shown in 
Table 8.1. This can be attributed to the different types of commercial activities taking 
place at these two roads. As noted above, motor vehicle related businesses are very 
popular near Strathaird Rd and considered to be the main source of PAHs and HMs. 
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However, this type of stores businesses is rare around Thornton St and Via Roma Dr 
due to the high price of land in Surfers Paradise. Contrary to Benowa, urban form 
around Thornton St and Via Roma Dr mainly consists of offices, shops, restaurants 
and hotels. The commercial activities in the surrounding area of Thornton St and Via 
Roam Dr would generate comparatively small amount of PAHs and HMs. Therefore, 
risks from pollutants in stormwater from these two road sites are relatively lower 
than that from Strathaird Rd. Although these commercial activities themselves would 
generate only a small amount of PAHs and HMs around Thornton St and Via Roam 
Dr, the nature of the commercial activities are capable of attracting a relatively high 
traffic volume. Therefore, the traffic activities are expected to be the main source 
contributing pollutants to build-up on Thornton St and Via Roam Dr. 
Thornton St is located in a busy area in Surfers Paradise attracting large numbers of 
tourists. It is near the sea and there are many holiday apartments, shops and 
restaurants catering for the tourists (see Figure 8.11). Therefore, the main 
commercial activities around this road are tourism related activities such as shopping 
and catering. Additionally, there are many parking bays and loading zones along the 
road close to the sea for the benefit of tourists which can contribute high traffic 
volume in the vicinity of the road. Other than the parking bays near this road, 
congested traffic during peak hours is also common in this area. This is attributed to 
the fact that Thornton St is connected to an arterial street and facilitates access to the 
light rail. The roadway which leads to the motorway is narrow with high traffic 
volume. Therefore, traffic congestion is common in this area (refer to Figure 8.11). 
As a consequence, the stop-start activities are usual within this area, and contribute to 
high loadings of PAHs and HMs. Additionally, leaf litter and grass clippings are 
commonly visible on the road and the green belts. These would also contribute to 
high pollutant loading to build-up on the road surfaces. 
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Figure 8.11 Holiday apartments near Thornton Rd 
Different from the urban form around Thornton St, offices, shops and residential 
houses are the most apparent urban form on Via Roam Dr (see Figure 8.12). Via 
Roma Dr is a collector road connected to an arterial street and provided with 
numerous traffic lights. This leads to high traffic volume and frequent braking 
activities on this road. Consequently, PAH and HM loadings on the road surface and 
the risk arising from pollutants in the stormwater from Via Roam Dr are high. 
 
Figure 8.12 Residential houses at Via Roma Dr 
 184 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 
Based on the discussion above, important characteristics for identifying sites 
generating high risky stormwater are tabulated in Table 8.2. 
Table 8.2 Qualitative parameters for the sites with high risk 
Suburb Site Urban Form Traffic Characteristics 
Nerang Lawrence Dr Large number of 
industrial premises 
with a range of 
industrial activities 
High traffic volume in the vicinity 
Nerang Hilldon Ct 
Nerang Stevens St 
Nerang Patrick Rd 
Benowa Strathaird Rd Numerous motor 
vehicle related stores 
High traffic volume, parking bays 
along the roadside and car parks 
Surfers 
Paradise 
Via Roma Dr Shops, schools, 
hospitals and offices 
and residential houses 
Collector road with high traffic 
volume and numerous traffic 
lights 
Surfers 
Paradise 
Thornton St Tourism related area 
with holiday 
apartments, shops, 
restaurants 
Parking bays, loading zones and 
traffic congestion 
 
B. Sites with Stormwater with Moderate Risk 
There are nine road sites generating stormwater with moderate risk. The nine road 
sites are: Village High Rd, Mediterranean Dr, Yarrimbah Dr, St Paul Pl, De Haviland 
Av, Hogen St, Winchester Dr, Carine Ct and Merloo Dr. Based on field 
investigations, it was found that the common urban form around these nine road sites 
is residential housing. The main source of PAHs and HMs would be residential and 
traffic activities. For instance, insecticides used for gardening contain PAHs and 
HMs such Cd, Pb and Zn. However, contribution of PAHs and HMs due to 
residential activities is much less than industrial and commercial activities. 
Therefore, the risks from PAHs and HMs in the stormwater from residential areas are 
relatively lower than the areas with numerous industrial and commercial activities. 
The urban form and traffic characteristics around the nine road sites are discussed 
below. 
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Village High Rd is connected to an arterial road and traffic lights are provided at the 
road intersections (see Figure 8.13). This indicates that traffic volume is high in the 
vicinity and braking activities is frequent on this road. This leads to the high loading 
of HMs on the road surface. Although this road is mainly an access road to 
residential housing, there are various commercial activities existing in the vicinity. 
School and medical care facilities are located at the end of the road which attracts 
high traffic volumes. Opposite to Village High Rd, there is a petrol station and a shop 
located near the traffic lights (see Figure 8.14). Oil spills are expected to be common 
at the petrol station which would contribute PAHs to road surfaces. Additionally, 
Benowa Shopping Centre and a hospital are also located close to this road site (see 
Figure 8.15). These commercial properties attract very significant traffic volumes 
and also there are a number of large car parks in the vicinity (see Figure 8.16). 
Reference to the discussion above, high traffic volume and traffic activities in car 
parks can contribute high loadings of PAHs and HMs to the build-up on road 
surfaces. 
De Haviland Av is primarily a residential road site located close to Village High Rd 
(see Figure 8.17). It is located relatively far from the arterial road. Therefore, it could 
be expected that the pollutant build-up on this road would contribute a low 
concentration to stormwater. However, the shopping centre, hospital and the school 
noted above are also located close to De Haviland Av (see Figure 8.15). Therefore, 
this would result in higher pollutant loadings on the road surface when compared to 
other residential areas without significant commercial activities in the vicinity. 
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Figure 8.13 Traffic lights at the intersection of Village High Rd 
 
Figure 8.14 Petrol station and shops opposite to Village High Rd 
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Figure 8.15 Hospital near Village High Rd and De Haviland Av 
 
Figure 8.16 Car park near Village High Rd and De Haviland Av 
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Figure 8.17 Residential housing at De Haviland Av 
Mediterranean Dr is a mixed site with commercial and residential activities. A school 
is located on the road and a loading zone is beside the road (see Figure 8.18). This 
leads to busy traffic with frequent braking and starting activities prior to and after 
school time with parents dropping-off or picking-up children. As noted above, due to 
the braking and starting activities, the PAH and HM loading in build-up solids is 
relatively high on Mediterranean Dr. 
 
Figure 8.18 School and loading area beside Mediterranean Dr 
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Hobgen St and St Paul Pl are access roads in Surfers Paradise. They are very close to 
each other and both of them have relatively little traffic. There are offices, school and 
a church in the surrounding area, but the traffic is not busy most times of the day (see 
Figure 8.19 and 8.20). As discussed above, commercial activities with offices, 
schools and churches are not the main source of PAHs and HMs. Therefore, traffic 
activities are the primary source of PAHs and HMs around Hobgen St and St Paul Pl. 
Due to the relatively low traffic volume, PAH and HM loadings on Hobgen St and St 
Paul Pl are low and this contributes to relatively low risks from pollutants in 
stormwater compared to other commercial sites. 
 
Figure 8.19 Offices and Church at St Paul Pl 
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Figure 8.20 School adjacent to Hobgen St 
Yarrimbah Dr, Winchester Dr, Carine Ct and Merloo Dr are the four road sites 
selected in Clearview Estate area. This area is a typical residential housing area 
mostly with detached houses (see Figure 8.21). The main urban form in these areas is 
residential houses without commercial and industrial activities around, leading to the 
low volume of traffic in the vicinity. As mentioned above, the main source of PAHs 
and HMs are the residential activities and traffic activities and as such, the generation 
of HMs and PAHs are relatively lower than that in the areas with industrial and 
commercial activities. Therefore, risks from PAHs and HMs in stormwater runoff 
from these areas are generally lower than the other urban areas. However, Yarrimbah 
Dr is the main road selected in Clearview Estate with relatively high traffic volume. 
Since traffic volume has a significant influence on the risks from pollutants in 
stormwater runoff, stormwater from Yarrimbah Dr shows a higher risk than the other 
three roads. 
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Figure 8.21 Residential houses at Winchester Dr 
Based on the discussion above, the urban form and traffic characteristics for the nine 
sites with moderate risky stormwater are summarised in Table 8.3. 
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Table 8.3 Qualitative parameters for the sites with moderate risk 
Suburb Site Urban Form Traffic 
Characteristics 
Benowa Village High Rd Residential houses, 
connected to an arterial 
road, school, clinic, 
petrol station, shops, 
shopping centre and 
hospital 
Traffic lights, car 
park, high traffic 
volume around 
Benowa De Haviland Av Same as above Low traffic volume 
around 
Benowa Mediterranean 
Dr 
Residential houses, 
school and loading zone 
Low traffic volume 
most of the time and 
high traffic volume 
prior to and after 
school time 
Surfer Paradise Hobgen St Residential houses, 
offices, school and 
church 
Low traffic volume 
around Surfer Paradise St Paul Pl 
Clearview 
Estate 
Yarrimbah Dr Residential houses Low traffic volume 
around 
Clearview 
Estate 
Carine Ct 
Clearview 
Estate 
Merloo Dr 
Clearview 
Estate 
Winchester Dr 
 
C. Sites with Stormwater with Low Risk 
The four road sites with stormwater with the lowest risk are located in Advancetown 
which is an almost natural area and most of the catchment is covered with pervious 
surfaces (see Figure 8.22 to 8.25). Therefore, extremely few urban activities can be 
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found within this area. Furthermore, stormwater gully pits are rarely provided on the 
roads in Advancetown. This means that only a small proportion of stormwater runoff 
generated from the road surfaces will enter the drainage system with most 
stormwater runoff percolating into the soil. Hence, the risk from PAHs and HMs in 
stormwater from Advancetown is lower than the more urbanised areas. The urban 
form and traffic characteristics for the four sites within the low risk stormwater group 
are summarised in Table 8.4. 
 
Figure 8.22 Pervious areas along Parkway Dr 
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Figure 8.23 Pervious areas along Parkway Dr 
 
Figure 8.24 Pervious areas along Nerang-Murwillumbah Rd 
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Figure 8.25 Pervious areas along Latimers Crossing Rd 
Table 8.4 Qualitative parameters for the sites with low risk 
Suburb Site Urban Form Traffic 
Characteristics 
Advancetown Nerang 
Murwillumbah Rd 
Almost covered 
with pervious 
area; 
stormwater gully 
pits very rare 
Low traffic volume 
around 
Advancetown Latimers Crossing Rd 
Advancetown Parkway Dr 
Advancetown Tangara Rd 
 
Based on Table 8.2 to 8.4, the main urban form and traffic characteristics of the 
study sites were identified and summarised in Table 8.5. The sites in red, orange and 
green colour generate stormwater with high, moderate and low risk, respectively. 
According to Table 8.5, there were six urban forms identified and each of them has 
corresponding traffic characteristics. As can be seen from Table 8.5, the risks to 
human health from HMs and PAHs in stormwater from industrial or natural areas do 
not show variability among different sites. This indicates that urban form may not be 
an influential parameter in relation to the risk to human health from HMs and PAHs 
in stormwater from these two land use areas. However, risks to human health from 
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HMs and PAHs in stormwater vary for different urban forms in commercial and 
residential areas.  
Therefore, urban form has an important influence on the risk to human health from 
HMs and PAHs in stormwater particularly originating from commercial and 
residential areas. The commercial land use area can be categorised into two main 
urban forms in terms of the specific activities taking place; motor vehicle related 
activities with high traffic volumes in the vicinity (e.g. Strathaird Rd, Thornton St 
and Via Roma Dr); and shops, school, hospital and offices (e.g. Hobgen St, St Paul 
Pl). As presented in Table 8.5, the former land use area generates stormwater runoff 
with higher risks from HMs and PAHs than the latter. The residential land use areas 
also have two primary urban form categories, namely, mixed residential and 
commercial activities (e.g. De Haviland Av, Mediterranean Dr and Village High Rd) 
and residential housing (e.g. Clearview Estate). As presented in Table 8.5, risks of 
HMs and PAHs in the stormwater from the former area are higher than the latter. 
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Table 8.5 Urban form and traffic characteristics of the study sites 
Land Use Urban Form Traffic Characteristics Study Sites 
Industrial Industrial High traffic volume and 
frequent braking and 
starting activities 
Hilldon Ct 
Lawrence Dr 
Patrick Rd 
Stevens St 
Commercial Tourism or commercial area 
with vehicle related 
activities  
High traffic volume and 
frequent braking and 
starting activities 
Strathaird Rd 
Thornton St 
Via Roma Dr 
Commercial area with shops, 
school, hospital and offices 
Low traffic volume and 
low frequency of braking 
and starting activities 
Hobgen St 
St Paul Pl 
Residential Mixed land use with 
residential houses and 
commercial areas 
High traffic volume and 
frequent braking and 
starting activities 
Village High Rd 
Low traffic volume  Mediterranean Dr 
De Haviland Av 
Residential houses Low traffic volume and 
low frequency of braking 
and starting activities 
Carine Ct 
Merloo Dr 
Winchester Dr 
Yarrimbah Dr 
Natural Mostly pervious areas Low traffic volume and 
low frequency of braking 
and starting activities 
Latimers Crossing Rd 
Nerang-Murwillumbah 
Rd 
Parkway Dr 
Tangara Rd 
Note: red – high risk; orange – moderate risk; green – low risk. 
8.3 SELECTION OF QUALITATIVE PARAMETERS 
According to the discussion in Section 8.2, risk posed by PAHs and HMs in 
stormwater is not only influenced by quantitative parameters including DTV and 
conventional land use types, but also influenced by qualitative parameters in terms of 
urban form and traffic characteristics in the vicinity. The DTV and conventional land 
use types can be used in the model developed in Chapter 7 to calculate the risk from 
pollutants in stormwater. However, quantitative parameters are not totally able to 
provide a comprehensive explanation of the pollutant risk associated with stormwater 
runoff. Consequently, the qualitative parameters within the surrounding area also 
need to be taken into account in the risk assessment. 
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Overall, there are a range of qualitative parameters influencing risk from PAHs and 
HMs in stormwater runoff. According to the discussion above, urban form is mainly 
in terms of type and function of buildings around and impervious percentage in the 
vicinity. Traffic characteristics primarily refer to the traffic volume in the vicinity 
and the traffic activities which lead to frequent braking and starting. These 
parameters for the twenty study sites are summarised in Table 8.6. The justification 
for the parameters is discussed below. 
There is a significant fraction of industrial premises in Nerang. Therefore, the risk 
associated with stormwater from Nerang is high. According to the discussion above, 
motor vehicle related businesses can be found in Surfers Paradise, Benowa and 
Nerang. In terms of the twelve road sites in these three areas, a large fraction of 
motor vehicle related businesses can be found on Strathaird Rd in Benowa and all the 
four roads in Nerang. Even though there are no vehicle related activities on the other 
seven road sites, these activities exist in the surrounding area of the road sites. 
However, the fraction of motor vehicle related businesses is relatively small in the 
other seven roads. Other than motor vehicle related businesses, other commercial 
businesses such as holiday apartments, schools and shopping centres are significant 
around Thornton St, Via Roma Dr, Mediterranean Dr and Village High road. 
Compared to these four roads, the fraction of other commercial activities is relatively 
smaller on Hobgen St, St Paul Pl and De Haviland Av. The fraction of residential 
houses is the largest in Clearview Estate, followed by some roads in Surfers Paradise 
and Benowa. The impervious percentage was derived from Table 6.17 which was 
based on the summation of the area percentages of the three land use areas. 
Generally, high traffic volume is associated with frequent braking and starting 
activities in the vicinity. Based on the previous discussion, the frequency of braking 
and starting activities is expected to be high around Thornton St and Via Roma Dr in 
Surfers Paradise, Strathaird Rd and Village High Rd in Benowa and the roads in 
Nerang. 
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Table 8.6 Quantitative and qualitative parameters for the study sites 
Sites Urban Form Traffic Characteristics 
Fraction of 
industrial premises 
(FIS) 
Fraction of vehicle 
related businesses 
(FVS) 
Fraction of other 
commercial 
businesses (FCS) 
Fraction of 
residential houses 
(FRH) 
Impervious 
percentage (IP) 
Traffic volume in 
the vicinity (T) 
Braking or starting 
frequency (BSF) 
Hogen St None Small Moderate Moderate 0.5613 Low Low 
St Paul Pl None Small Moderate Moderate 0.5875 Low Low 
Thornton St None Small Large Small 0.4922 High High 
Via Roma Dr None Small Large Small 0.5868 High High 
De Haviland Av None Small Moderate Moderate 0.7124 Low Low 
Mediterranean Dr None Small Large Moderate 0.7601 Low Low 
Strathaird Rd None Large Small Small 0.8376 High High 
Village High Rd None Small Large Moderate 0.7954 High High 
Hilldon Ct Large Large Small Small 0.6567 High High 
Lawrence Dr Large Large Small Small 0.4595 High High 
Patrick Rd Large Large Small Small 0.6423 High High 
Stevens St Large Large Small Small 0.4425 High High 
Carine Ct None None None Large 0.6232 Low Low 
Merloo Dr None None None Large 0.3152 Low Low 
Winchester Dr None None None Large 0.6329 Low Low 
Yarrimbah Dr None None None Large 0.3415 Low Low 
Latimers Crossing Rd None None None Small 0.0000 Low Low 
Nerang Murwillumbah Rd None None None Small 0.0000 Low Low 
Parkway Dr None None None Small 0.0000 Low Low 
Tangara Rd None None None Small 0.0000 Low Low 
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In order to provide a comprehensive understanding of the influence of the qualitative 
parameters on risk, the GAIA method was used to depict the relationship between 
risk and the selected parameters. The data matrices used for the GAIA method were 
derived from Table 8.6. The level High or Large, Moderate, Low or Small and None 
for the parameters given in Table 8.6 were set as 3, 2, 1 and 0. As can be seen from 
Table 8.6, traffic volume in the vicinity (T) and braking or starting frequency (BSF) 
show the same levels in the study sites and thereby only one of them was selected as 
the criterion in the data matrices. Two data matrices with 20 actions and 7 criteria 
(one data matrix is 20 study sites × HI and 6 qualitative parameters; the other is 20 
study sites × ILCR and 6 qualitative parameters) were employed to draw the GAIA 
biplot. Figure 8.26 and 8.27 are the GAIA biplots for risk based on the selected 
qualitative parameters. It can be seen from Figure 8.26 that the vectors for FIS, FVS 
and BSF form acute angles with HI while the angle between FRH and HI is obtuse. 
This observation can also be found in Figure 8.27. This indicates that FIS, FVS, BSF 
and FRH exert the most influence on ILCR and HI. However, FIS and FRH can be 
represented by the percentage of industrial and residential land use areas in the 
vicinity (i.e. quantitative parameter I and R). Therefore, FIS and FRH were not taken 
consideration in estimating the risks associated with pollutants in stormwater. FVS 
and BSF need to be considered to evaluate risk from pollutants in the stormwater. 
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Figure 8.26 GAIA biplot based on HI of HMs and qualitative parameters 
 
Figure 8.27 GAIA biplot based on ILCR of PAHs and qualitative parameters 
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8.4 RISK ASSESSMENT USING QUANTITATIVE AND QUALITATIVE 
PARAMETERS 
Taking the two qualitative parameters into consideration, risk posed by HMs and 
PAHs in stormwater can be defined by Equation 8.3. 
 𝑅𝑖𝑠𝑘 = 𝑓(𝐷𝑇𝑉, 𝐶, 𝐼, 𝑅, 𝐹𝑉𝑆_𝑆, 𝐹𝑉𝑆_𝐿, 𝐵𝑆𝐹) Equation 8.3 
where: 𝐷𝑇𝑉 – daily traffic volume (VPD); 
𝐶 , 𝐼 and 𝑅  – percentage of commercial, industrial and residential land use 
areas within 1km around the site; 
𝐹𝑉𝑆_𝑆 and 𝐹𝑉𝑆_𝐿 – small and large fraction of vehicle related businesses; 
𝐵𝑆𝐹 – braking or starting frequency. 
The risk assessment was undertaken according to the same methodology discussed in 
Section 6.4 and 7.2. First, the concentration of pollutants was estimated by the 
package geoR in R software using the maximum likelihood estimation (MLE) based 
on Matern covariance function as mentioned in Section 6.4. Second, the risk from 
HMs and PAHs in stormwater was assessed based on the methodology discussed in 
Section 7.2. 
8.4.1 Concentration Prediction by R Software 
The qualitative parameters can also be the covariates in R package. They are 
assigned value 0 or 1 to represent different levels. In this case, there are two levels of 
BSF and thereby 0 was set to represent low BSF while 1 referred to high BSF as 
presented in Table 8.7. In terms of FVS, the three levels were expressed by two 
covariates including FVS_S and FVS_L and they were assigned as values shown in 
Table 8.8. The concentration of HMs and PAHs associated with total solids and fine 
solids were assessed by R package. Table 8.9 to 8.12 presents the outcomes of 
assessments undertaken. The coefficients in the equations are the estimates. The 
residual variability and distribution of estimated values and observed data were 
checked. 
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Table 8.7 Values of BSF for use in R software 
BSF levels BSF in R 
Low 0 
High 1 
 
Table 8.8 Values of FVS for use in R software 
FVS levels FVS_S in R FVS_L in R 
Small 1 0 
Large 0 1 
None 0 0 
 
Table 8.9 Results from the concentration assessment of HMs in total solids 
Equations 
Al = e
 5.2354-2.1669×lnDTV+0.1885×(lnDTV)^2+3.2857×C+3.2755×I+0.9365×R-0.7111×BSF
 
Cr = e
 -8.6167+0.2716×lnDTV+3.6168×C+4.7310×I+1.1417×R-0.5602×FVS_L
 
Mn = e
 -5.922+0.3220×lnDTV+1.598×C+27.5430×I-129.9271×I^2+0.5266×R
 
Fe = e
 -1.7381+0.3334×lnDTV+4.1151×C+27.5769×I-119.9427×I^2-0.2766×FVS_L-0.5848×BSF
 
Ni = e
 -8.4381+0.1820×lnDTV+1.9328×C+7.7062×I+0.8789×R+1.6058×FVS_H
 
Cu = e
 -8.843+0.5132×lnDTV+5.5407×C+3.0988×I+0.6813×R+1.2059×FVS_H-0.5906×BSF
 
Zn = e
 -7.2871+0.4862×lnDTV+4.1299×C+52.7886×I-236.2639×I^2+1.0970×R-0.4976×BSF
 
Cd = e
 -15.0754+0.7340×C+6.6554×I-1.4475×R+0.2505×FVS_L-0.4857×BSF
 
Pb = e
 -8.4649+0.4781×lnDTV+7.4643×C+51.4039×I-210.5399×I^2-1.2029×FVS_L-1.2544×FVS_H-0.4706×BSF
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Table 8.10 Results from the concentration assessment of PAHs in total solids 
Equations 
NAP = e
 -13.9375+0.1576×lnDTV+6.0175×C+68.6756×I-311.5474×I^2+2.4776×R-0.9163×FVS_L-1.1478×FVS_H-0.5941×BSF
 
ACY = e
 -19.8234+0.8016×lnDTV+6.0153×C+54.5872×I-235.5529×I^2+2.4933×R-1.0615×FVS_L-1.3930×FVS_H-0.9856×BSF
 
ACE = e
 -17.7646+0.4760×lnDTV+4.4852×C+37.5646×I-153.9882×I^2+1.0939×R-0.8900×FVS_L-0.9199×FVS_H-1.1782×BSF
 
FLU = e
 -15.5124+0.3572×lnDTV+4.3171×C+47.3834×I-201.9721×I^2+1.3830×R-1.4614×FVS_L-1.4913×FVS_H-0.3870×BSF
 
PHE = e
 -13.5478+0.3597×lnDTV+2.2984×C+29.7695×I-124.8451×I^2+0.9774×R-0.8053×BSF
 
ANT = e
 -16.4012+0.4909×lnDTV+2.9089×C+30.1952×I-120.4977×I^2-1.0816×BSF
 
FLA = e
 -9.4698-1.1452×lnDTV+0.1166×(lnDTV) ^2+4.1308×C+29.8425×I-128.2472×I^2+1.1498×R-1.3030×FVS_L-1.0456×BSF
 
PYR = e
 -14.6646+0.5522×lnDTV+2.4984×C+2.8381×I+1.6270×R-0.4150×FVS_L-0.6512×BSF
 
BaA = e
 -19.2122+0.8082×lnDTV+5.2110×C+46.7275×I-208.7814×I^2+4.9091×R-4.9529×R^2-0.8750×FVS_L-1.1090×FVS_H-0.7659×BSF 
CHR = e
 -17.0734+0.7185×lnDTV+3.5279×C+29.7688×I-131.1462×I^2+0.8078×R-0.7018×BSF
 
BbF = e
 -17.8669+0.7511×lnDTV+3.4531×C+25.2337×I-115.0348×I^2+1.1233×R-0.6657×BSF
 
BaP = e
 -18.8690+0.8781×lnDTV+2.2772×C+1.4908×R
 
IND = e
 -17.8037+0.7329×lnDTV+6.6727×C+52.7853×I-238.0639×I^2+1.6387×R-1.1872×FVS_L-1.2115×FVS_H-0.7137×BSF
 
DaA = e
 -18.2572+0.7225×lnDTV+8.3825×C+72.1128×I-314.2562×I^2+1.5766×R-1.0057×FVS_L-1.4935×FVS_H-1.3597×BSF
 
BgP = e
 -15.7296+0.5912×lnDTV+1.4408×C+45.0252×I-202.8541×I^2+2.2230×R-0.5179×BSF
 
 
Table 8.11 Results from the concentration assessment of HMs in solids <150µm 
Equations 
Al = e
 -6.8022+0.6341×lnDTV+2.9511×C+30.5369×I-140.5479×I^2+1.6493×R-0.7633×FVS_L-0.6815×BSF
 
Cr = e
 -25.0601+4.3165×lnDTV-0.2727×(lnDTV) ^2+0.7033×R+1.5514×FVS_H
 
Mn = e
 -21.0598+3.8874×lnDTV-0.2336×(lnDTV) ^2+25.2073×I-128.1087×I^2+1.2651×R-0.5441×FVS_L+0.6172×FVS_H
 
Fe = e
 -13.9268+2.9694×lnDTV-0.1704×(lnDTV) ^2+3.2864×C+44.3354×I-205.3793×I^2+1.2523×R-0.8872×FVS_L-0.4395×BSF
 
Ni = e
 -24.6988+4.2912×lnDTV-0.2863×(lnDTV) ^2+7.1189×I+3.9997×R-5.3312×R^2+2.1279×FVS_H
 
Cu = e
 -23.3460+4.1531×lnDTV-0.2487×(lnDTV) ^2+2.4809×C+0.9682×R+1.6005×FVS_H
 
Zn = e
 -17.2335+2.7326×lnDTV-0.1466×(lnDTV) ^2+2.0193×R+1.4526×FVS_H
 
Cd = e
 -24.1876+2.8568×lnDTV-0.1491×(lnDTV) ^2-1.2810×C
 
Pb = e
 -12.2442+0.7574×lnDTV+26.3351×C-32.8041×C^2+57.7396×I-243.3053×I^2+1.2913×R-3.9695×FVS_L-2.9992×FVS_H-0.6539×BSF 
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Table 8.12 Results from the concentration assessment of PAHs in solids <150µm 
Equations 
NAP = e
 -16.4869+0.3607×lnDTV+1.7239×C+1.5317×I+2.8164×R-0.7319×FVS_L
 
ACY = e
 -33.2872+4.2847×lnDTV-0.2325×(lnDTV)^2-5.9950×C+14.7871×C^2+4.6203×I+1.9302×R-0.4105×BSF
 
ACE = e -29.0043+3.1518×lnDTV-0.1662×(lnDTV)^2+8.8727×C-11.6449×C^2+5.3196×I+0.8567×R-1.8578×FVS_L-1.1695×FVS_H-1.2009×BSF 
FLU = e
 -18.4995+0.6292×lnDTV+3.4958×C+7.0867×I+1.8015×R-2.5659×FVS_L-2.2351×FVS_H+0.4647×BSF
 
PHE = e
 -16.2627+0.5957×lnDTV+2.7675×I+1.7208×R-0.4207×FVS_L-0.3398×BSF
 
ANT = e
 -19.3564+0.8000×lnDTV+1.9097×C+5.5251×I-0.3824×FVS_L-1.1861×BSF
 
FLA = e
 -18.1027+0.8260×lnDTV+2.8339×C+4.2088×I-2.9652×R+6.8062×R^2-1.5358×FVS_L-0.6618×BSF
 
PYR = e
 -17.1744+0.7539×lnDTV+1.2404×C+2.1712×R-0.7168×FVS_L-0.3770×BSF
 
BaA = e
 -32.1769+4.0290×lnDTV-0.2054×(lnDTV) ^2+1.8259×C+2.3244×I+1.4597×R-0.5785×FVS_L-0.5054×BSF
 
CHR = e
 -20.4228+1.0262×lnDTV+1.6406×C+3.3731×I+1.5066×R-0.4627×BSF
 
BbF = e
 -30.2113+3.8281×lnDTV-0.2036×(lnDTV) ^2+1.2840×C+1.6044×R-0.5705×FVS_L
 
BaP = e
 -29.7000+3.4408×lnDTV-0.1608×(lnDTV) ^2+0.8037×C+1.4459×R
 
IND = e
 -26.6484+2.7348×lnDTV-0.1251×(lnDTV) ^2+1.5743×C+1.9833×R-0.9597×FVS_L
 
DaA = e -30.2300+3.5487×lnDTV-0.1745×(lnDTV)^2+18.6129×C-18.5837×C^2+66.3846×I-283.1660×I^2+1.8129×R-2.7107×FVS_L-2.5458×FVS_H-1.5929×BSF 
BgP = e
 -25.9924+3.0257×lnDTV-0.1545×(lnDTV)^2-2.5337×C+29.9913×I-131.4012×I^2+2.4693×R
 
 
8.4.2 Human Health Risk Assessment 
Health risk assessment in relation to HMs and PAHs present in stormwater was 
undertaken using the same methodology discussed in Section 7.2. Both, non-cancer 
risk and cancer risk models were developed. Non-cancer risk from HMs in total 
solids and fine solids (<150µm) in stormwater runoff can be estimated by Equation 
8.4 and 8.5. Cancer risk from PAHs in total solids and fine solids (<150µm) in 
stormwater runoff can be estimated by Equation 8.6 and 8.7. 
RiskHMtotal = 0.05 × e
 5.2354-2.1669×lnDTV+0.1885×(lnDTV)^2+3.2857×C+3.2755×I+0.9365×R-0.7111×BSF + 
68.20 × e -8.6167+0.2716×lnDTV+3.6168×C+4.7310×I+1.1417×R-0.5602×FVS_L + 
2.70 × e -5.922+0.3220×lnDTV+1.598×C+27.5430×I-129.9271×I^2+0.5266×R + 
0.02 × e -1.7381+0.3334×lnDTV+4.1151×C+27.5769×I-119.9427×I^2-0.2766×FVS_L-0.5848×BSF + 
1.33 × e -8.4381+0.1820×lnDTV+1.9328×C+7.7062×I+0.8789×R+1.6058×FVS_H + 
0.63 × e -8.843+0.5132×lnDTV+5.5407×C+3.0988×I+0.6813×R+1.2059×FVS_H-0.5906×BSF + 
0.10 × e -7.2871+0.4862×lnDTV+4.1299×C+52.7886×I-236.2639×I^2+1.0970×R-0.4976×BSF + 
409.18 × e -15.0754+0.7340×C+6.6554×I-1.4475×R+0.2505×FVS_L-0.4857×BSF + 
10.83 × e -8.4649+0.4781×lnDTV+7.4643×C+51.4039×I-210.5399×I^2-1.2029×FVS_L-1.2544×FVS_H-0.4706×BSF 
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  Equation 8.4 
RiskHMfiner = 0.05 × e
 -6.8022+0.6341×lnDTV+2.9511×C+30.5369×I-140.5479×I^2+1.6493×R-0.7633×FVS_L-0.6815×BSF + 
68.20 × e -25.0601+4.3165×lnDTV-0.2727×(lnDTV) ^2+0.7033×R+1.5514×FVS_H + 
2.70 × e -21.0598+3.8874×lnDTV-0.2336×(lnDTV) ^2+25.2073×I-128.1087×I^2+1.2651×R-0.5441×FVS_L+0.6172×FVS_H + 
0.02×e -13.9268+2.9694×lnDTV-0.1704×(lnDTV) ^2+3.2864×C+44.3354×I-205.3793×I^2+1.2523×R-0.8872×FVS_L-0.4395×BSF + 
1.33 × e -24.6988+4.2912×lnDTV-0.2863×(lnDTV) ^2+7.1189×I+3.9997×R-5.3312×R^2+2.1279×FVS_H + 
0.63 × e -23.3460+4.1531×lnDTV-0.2487×(lnDTV) ^2+2.4809×C+0.9682×R+1.6005×FVS_H + 
0.10 × e -17.2335+2.7326×lnDTV-0.1466×(lnDTV) ^2+2.0193×R+1.4526×FVS_H + 
409.18 × e -24.1876+2.8568×lnDTV-0.1491×(lnDTV) ^2-1.2810×C + 
10.83×e -12.2442+0.7574×lnDTV+26.3351×C-32.8041×C^2+57.7396×I-243.3053×I^2+1.2913×R-3.9695×FVS_L-2.9992×FVS_H-0.6539×BSF 
  Equation 8.5 
RiskPAHtotal = 
332059.3
1788500
⁡× 
0.001 × e -13.9375+0.1576×lnDTV+6.0175×C+68.6756×I-311.5474×I^2+2.4776×R-0.9163×FVS_L-1.1478×FVS_H-0.5941×BSF + 
0.001 × e -19.8234+0.8016×lnDTV+6.0153×C+54.5872×I-235.5529×I^2+2.4933×R-1.0615×FVS_L-1.3930×FVS_H-0.9856×BSF + 
0.001 × e -17.7646+0.4760×lnDTV+4.4852×C+37.5646×I-153.9882×I^2+1.0939×R-0.8900×FVS_L-0.9199×FVS_H-1.1782×BSF + 
0.001 × e -15.5124+0.3572×lnDTV+4.3171×C+47.3834×I-201.9721×I^2+1.3830×R-1.4614×FVS_L-1.4913×FVS_H-0.3870×BSF + 
0.001 × e -13.5478+0.3597×lnDTV+2.2984×C+29.7695×I-124.8451×I^2+0.9774×R-0.8053×BSF + 
0.01 × e -16.4012+0.4909×lnDTV+2.9089×C+30.1952×I-120.4977×I^2-1.0816×BSF + 
0.001 × e -9.4698-1.1452×lnDTV+0.1166×(lnDTV) ^2+4.1308×C+29.8425×I-128.2472×I^2+1.1498×R-1.3030×FVS_L-1.0456×BSF + 
0.001 × e -14.6646+0.5522×lnDTV+2.4984×C+2.8381×I+1.6270×R-0.4150×FVS_L-0.6512×BSF + 
0.1 × e -19.2122+0.8082×lnDTV+5.2110×C+46.7275×I-208.7814×I^2+4.9091×R-4.9529×R^2-0.8750×FVS_L-1.1090×FVS_H-0.7659×BSF + 
0.01 × e -17.0734+0.7185×lnDTV+3.5279×C+29.7688×I-131.1462×I^2+0.8078×R-0.7018×BSF + 
0.1 × e -17.8669+0.7511×lnDTV+3.4531×C+25.2337×I-115.0348×I^2+1.1233×R-0.6657×BSF + 
1 × e -18.8690+0.8781×lnDTV+2.2772×C+1.4908×R + 
0.1 × e -17.8037+0.7329×lnDTV+6.6727×C+52.7853×I-238.0639×I^2+1.6387×R-1.1872×FVS_L-1.2115×FVS_H-0.7137×BSF + 
5 × e -18.2572+0.7225×lnDTV+8.3825×C+72.1128×I-314.2562×I^2+1.5766×R-1.0057×FVS_L-1.4935×FVS_H-1.3597×BSF + 
0.01 × e -15.7296+0.5912×lnDTV+1.4408×C+45.0252×I-202.8541×I^2+2.2230×R-0.5179×BSF 
  Equation 8.6 
RiskPAHfiner = 
332059.3
1788500
⁡× 
0.001 × e -16.4869+0.3607×lnDTV+1.7239×C+1.5317×I+2.8164×R-0.7319×FVS_L + 
0.001 × e -33.2872+4.2847×lnDTV-0.2325×(lnDTV)^2-5.9950×C+14.7871×C^2+4.6203×I+1.9302×R-0.4105×BSF + 
0.001×e -29.0043+3.1518×lnDTV-0.1662×(lnDTV)^2+8.8727×C-11.6449×C^2+5.3196×I+0.8567×R-1.8578×FVS_L-1.1695×FVS_H-1.2009×BSF + 
0.001 × e -18.4995+0.6292×lnDTV+3.4958×C+7.0867×I+1.8015×R-2.5659×FVS_L-2.2351×FVS_H+0.4647×BSF + 
0.001 × e -16.2627+0.5957×lnDTV+2.7675×I+1.7208×R-0.4207×FVS_L-0.3398×BSF + 
0.01 × e -19.3564+0.8000×lnDTV+1.9097×C+5.5251×I-0.3824×FVS_L-1.1861×BSF + 
0.001 × e -18.1027+0.8260×lnDTV+2.8339×C+4.2088×I-2.9652×R+6.8062×R^2-1.5358×FVS_L-0.6618×BSF + 
0.001 × e -17.1744+0.7539×lnDTV+1.2404×C+2.1712×R-0.7168×FVS_L-0.3770×BSF + 
0.1 × e -32.1769+4.0290×lnDTV-0.2054×(lnDTV) ^2+1.8259×C+2.3244×I+1.4597×R-0.5785×FVS_L-0.5054×BSF + 
0.01 × e -20.4228+1.0262×lnDTV+1.6406×C+3.3731×I+1.5066×R-0.4627×BSF + 
0.1 × e -30.2113+3.8281×lnDTV-0.2036×(lnDTV) ^2+1.2840×C+1.6044×R-0.5705×FVS_L + 
1 × e -29.7000+3.4408×lnDTV-0.1608×(lnDTV) ^2+0.8037×C+1.4459×R + 
0.1 × e -26.6484+2.7348×lnDTV-0.1251×(lnDTV) ^2+1.5743×C+1.9833×R-0.9597×FVS_L + 
5 × e -30.2300+3.5487×lnDTV-0.1745×(lnDTV)^2+18.6129×C-18.5837×C^2+66.3846×I-283.1660×I^2+1.8129×R-2.7107×FVS_L-2.5458×FVS_H-1.5929×BSF + 
0.01 × e -25.9924+3.0257×lnDTV-0.1545×(lnDTV)^2-2.5337×C+29.9913×I-131.4012×I^2+2.4693×R 
  Equation 8.7 
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8.5 CONCLUSIONS 
This chapter analysed the relationship between risk from HMs and PAHs in 
stormwater runoff with traffic and land use characteristics. The main conclusions are 
as follows: 
 Human health risk from PAHs and HMs in stormwater is influenced by 
specific site characteristics that can be classified as quantitative parameters 
and qualitative parameters. Quantitative parameters refer to daily traffic 
volume (DTV) on the road site and conventional land use types. Qualitative 
parameters include urban form and traffic characteristics in the vicinity. 
 Risk to human health from HMs and PAHs in stormwater generally increases 
with the increase in traffic volume. Although the risk associated with 
stormwater from industrial areas is generally higher than that from 
commercial and residential areas, conventional land use types are inadequate 
to comprehensively explain the risk to human health from HMs and PAHs in 
stormwater. Accordingly, the influence exerted by qualitative parameters 
needs to take into consideration in explaining the risks from HMs and PAHs 
in stormwater. 
 Risk from pollutants in stormwater runoff is primarily dependent on the 
concentration of pollutants. High concentration of pollutants in stormwater 
leads to high risk to human health, and vice versa. 
 Based on the combined risk of ILCR and HI, risk to human health from HMs 
and PAHs in stormwater can be categorised at three levels as, high risk, 
moderate risk and low risk. Urban form and traffic characteristics have 
significant influence on the risk from PAHs and HMs in stormwater 
originating from an area. 
 Urban form in areas generating high risk stormwater usually represents 
industrial premises and tourism or motor vehicle related business. Traffic 
characteristics in these areas include high traffic volumes in the vicinity and 
various activities that lead to frequent braking and starting of vehicle. 
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 Urban form in areas generating stormwater with moderate risk is 
characterised by residential houses, school, retail and hospitals. Traffic 
characteristics in these areas usually consist of relatively low traffic volume 
around and reduced braking frequency. 
 Urban form in areas generating stormwater with low risk is natural areas 
generally consisting of pervious surfaces and where stormwater gully pits on 
roads are rare. Traffic volumes in the vicinity and braking and starting 
frequency are relatively very low. 
 Urban form is an influential factor on the risk from pollutants in stormwater 
from commercial and residential areas. Two urban forms can be identified in 
relation to these areas. The commercial land use area can be categorised into 
two main urban forms in terms of the specific activities taking place; motor 
vehicle related activities with high traffic volumes in the vicinity; and shops, 
school, hospital and offices. The former land use area generates stormwater 
runoff with higher risks from HMs and PAHs than the latter. The residential 
land use areas also have two primary urban form categories, namely, mixed 
residential and commercial activities and residential housing. Risks from 
HMs and PAHs in the stormwater from the former area are higher than the 
latter. 
 Fraction of vehicle related business (FVS) and braking and starting frequency 
(BSF) have the most influence on human health risk from HMs and PAHs in 
stormwater. Therefore, FVS and BSF need to be considered to evaluate risk 
of pollutants in stormwater. Taking into consideration both, quantitative and 
qualitative parameters, the final risk model was developed to predict non-
cancer risk from HMs and cancer risk from PAHs in stormwater (Equation 
8.4 to 8.7). 
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Chapter 9: Practical Application of 
Research Outcomes 
9.1 BACKGROUND 
Stormwater is regarded as an important water resource and reuse of stormwater is 
becoming widely accepted around the world (Liu et al. 2015). Currently, stormwater 
is being reused for potable and recreational use (Madison and Emond 2008). 
However, the toxic chemical pollutants present in stormwater can pose risks to 
human health. In this context, developing a methodology for risk assessment leading 
to the development of appropriate and robust control measures is an essential 
requirement. 
Risk posed by toxic chemical pollutants in stormwater runoff was calculated in 
Chapter 7 and its relationship to traffic volume and land use characteristics was 
analysed in Chapter 8. The outcomes of Chapter 7 and 8 can be applied to manage 
human health risks posed by the heavy metals (HMs) and polycyclic aromatic 
hydrocarbons (PAHs) present in stormwater. In this regard, implementation of a 
hierarchy of hazard control is the best approach. Outcomes of Chapter 7 and 8 
provide essential information for the implementation of hierarchy of hazard control 
in managing the risk posed by HMs and PAHs in urban stormwater runoff. 
This chapter discusses the practical applications of the outcomes generated in 
Chapter 7 and 8. Firstly, it provides detailed information relating to the hierarchy of 
hazard control and the application of the important outcomes of this study in 
engineering practice. Secondly, the application of controls for assessing and 
managing risk to human health from HMs and PAHs in stormwater was investigated 
for stormwater reuse and stormwater quality improvement. 
9.2 HIERARCHY OF HAZARD CONTROL 
Hierarchy of hazard control is the sequence of actions adopted in order to eliminate 
or reduce risk (Manuele 2005; Wogalter et al. 2012). It has been widely used in 
various domains such as disaster management, occupational hygiene and food safety 
(Oliver-Smith 1996; Roelofs et al. 2003; Unnevehr and Jensen 1999). The same 
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approach can be adapted to manage the risk posed by pollutants in stormwater and 
provide a safer environment for the community. There are five components in a 
hierarchy of hazard control and these components can be illustrated in the form of 
Figure 9.1 describing the order of effectiveness. In the sequence of decreasing 
effectiveness, the components are: 
 Elimination; 
 Substitution; 
 Engineering control; 
 Administration control; 
 Personal protective equipment. 
 
 
Figure 9.1 Hierarchy of hazard control 
Elimination is the most effective way of hazard control as it designs the hazards out. 
Substitution is similar to elimination and it aims at replacing the hazards by an 
alternative that exerts no risk. Engineering control is the isolation of people from the 
hazards rather than eliminating the hazards. Administration control is intended to 
warn people of the hazards and to modify their behaviour in order to improve safety 
using appropriate warnings. Personal protective equipment (PPE) is the last resort to 
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reduce the exposure of people to a hazardous environment and to reduce the severity 
of the consequence of exposure. Common PPE are equipment that is capable of 
preventing harm to the body from injury such as gloves, respirators, safety helmets, 
safety glasses, high-visibility clothing and safety footwear. Relatively, administration 
control and PPE are the least effective as they are significantly dependent on 
compliance by an individual and thereby difficult to control. Although the 
effectiveness of control is given in descending order in Figure 9.1, the cost to 
business is in the ascending order. Accordingly, judgement is needed for the 
selection of an appropriate control method in order to resolve an identified risk. 
9.3 HAZARD CONTROL OF THE RISK FROM HMs AND PAHs 
In order to reduce the risk to human health from HMs and PAHs in stormwater, 
effective methods are essentially needed to be identified in order to control the risk. 
Recommendations for the practical application of the outcomes of the analysis 
undertaken in Chapter 7 and 8 are presented in this section. Practical applications are 
discussed according to each item in the hierarchy of hazard control. Chapter 7 found 
that Cr contributes most to risk in a HM mixture and heavy PAHs (PAHs with 5 to 6 
benzene rings) exert the most influence on risk from PAH mixtures. Therefore, 
effective control of Cr and heavy PAHs in stormwater can reduce the risk to human 
health from HMs and PAHs to a significant extent. 
9.3.1 Elimination 
Elimination of Cr and heavy PAHs in stormwater runoff is the most effective way to 
remove the risk to human health. However, it is not practical to completely eliminate 
all HMs and PAHs present in stormwater. Therefore, controlling the generation of 
particularly Cr and heavy PAHs can reduce their impacts to a safe level. For 
example, as traffic activities are the primary source of Cr and heavy PAHs, the 
reduction of traffic volume is an effective way to minimise the risk associated with 
stormwater. In this context, authorities can encourage people to use public transport 
such as bus and light rail instead of private vehicles in areas with high traffic 
volumes. 
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9.3.2 Substitution 
Similar to elimination, substitution also focusses on eliminating the toxic pollutants 
in stormwater by replacing the pollutants by another material. Activities in urban 
areas that generate HMs such as Cr and heavy PAHs need to be paid closer attention 
in order to try to use alternate materials or technologies that do not contain these 
toxic chemical pollutants. Chapter 8 noted that braking and starting activities are a 
primary source of HMs and PAHs and thereby it is essential to investigate the 
manufacture of new types of brake pads and fuel without Cr and heavy PAHs. 
Another alternative would be to reduce traffic congestion and to explore alternate 
road designs in order to reduce frequent braking and starting activities. 
In addition to traffic activities, urban land use activities also generate significant 
amounts of Cr and heavy PAHs. For example, the conventional process utilised in 
the metal finishing industry generates large amounts of Cr and it is a worldwide 
environmental problem. In order to minimize the generation of Cr, cleaner 
production methods such as nanotechnology approaches have been investigated as a 
substitute to traditional methods (Chen et al. 2015). Insecticides used in gardening 
generate numerous heavy PAHs in residential areas as discussed in Section 8.2.2. 
Consequently, the feasibility of production of innovative insecticides which do not 
include PAHs can help to reduce the cancer risk posed by PAHs in stormwater runoff 
from residential areas. 
9.3.3 Engineering Control 
Instead of eliminating toxic pollutants entering into stormwater, engineering control 
is intended to isolate the risk to human health from heavy metals such as Cr and 
heavy PAHs. This can be undertaken by preventing people from coming into contact 
with stormwater pollutants such as providing some form of a barrier. For example, 
stormwater can be reused for ornamental ponds for recreation where people do not 
come into contact with stormwater. The ornamental ponds with high risk stormwater 
need to be isolated from people to prevent health risk. Furthermore, it has been found 
that stormwater runoff can be a primary source of pollutants to receiving waters. This 
implies that receiving waters might also be toxic to humans. Therefore, it is 
important to provide some form of barriers around the receiving waters to keep 
people from coming into contact with this water. 
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Another effective engineering control method is to minimise the risk by improving 
the stormwater quality. Best Management Practices (BMPs) or Water Sensitive 
Urban Design (WSUD) are terms used to describe approaches to stormwater 
pollution treatment. Stormwater BMPs or WSUD are techniques, measures or 
structural controls used to manage the quantity and to improve the quality of 
stormwater runoff. The primary function of these devices is to reduce or eliminate 
the pollutants in stormwater transported to receiving waters (Urbonas and Stahre 
1993). Most of the previous strategies adopted in stormwater management were 
related to flood control. However, in recent years, technologies capable of removing 
pollutants from stormwater have been implemented. Furthermore, technologies for 
removing HMs and PAHs such as the provision of infiltration systems, floating 
treatment wetlands and retention ponds have been investigated in numerous research 
studies (DiBlasi et al. 2008; Genç-Fuhrman et al. 2007; Hatt et al. 2007; Headley and 
Tanner 2008; Scher and Thièry 2005). The appropriate enhancement of these 
techniques may help to effectively remove Cr and heavy PAHs in stormwater, which 
are the elements posing the highset risks to human health. 
For example, stormwater infiltration systems are widely used to remove pollutants in 
stormwater (Hatt et al. 2007). The filter media used in the system plays a critical role 
in removing chemical pollutants. Based on the outcomes of this research project, it is 
suggested that attention needs to be directed to investigate filter media that can 
effectively remove selective HMs and PAHs in stormwater to minimise risk to 
human health. 
Based on the mathematical models for assessing risk to human health from HMs and 
PAHs in stormwater, the hotspots can be marked as the areas generating stormwater 
with high risks. Appropriate BMPs and WSUD techniques can be implemented at the 
hotspots to minimise the risks. Furthermore, new urban developments can be planned 
so that the high risk regions are concentrated to a small footprint where best suited 
treatment technologies can be implemented. For example, according to Section 8.2.2, 
industrial activities contribute large amounts of toxic chemical pollutants to 
stormwater and thereby the industrial premises can be located in areas where WSUD 
can be easily implemented. It was also found that braking and starting activities are 
an important source of pollutants as per Section 8.2.2. Hence, it is recommended that 
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the conventional road design needs to take into consideration the minimisation of 
these activities. 
9.3.4 Administration Control 
Administration control of the toxic pollutants is a strategy of providing appropriate 
warning to people of the associated risk. However, the control method is not capable 
of preventing people from coming into contacting with stormwater. Although it is 
less effective than engineering controls to manage risk, this method is cheaper and 
easier to undertake. For example, instead of constructing a barrier, a sign can be 
installed beside the stormwater ornamental ponds to warn people that the water is 
harmful to health. This control strategy can be practical in many instances. 
Furthermore this method has less effect on aesthetics such as where an ornamental 
pond is concerned compared to engineering controls. 
In addition to the stormwater ornamental ponds, the outfalls of receiving waters 
where stormwater enters should also be provided with appropriate warning signs. 
Stormwater is a main source of pollutants into receiving waters. Although the 
concentrations of pollutants can be diluted eventually, the pollutants in stormwater 
can still remain with high concentrations particularly at the entry point into the 
receiving waters. Therefore, signage needs to be provided beside the outfalls to warn 
people not to swim or come into contact immediately after rainfall events. 
9.3.5 Personal Protective Equipment 
If all of the above control methods cannot be undertaken to reduce the risk, usage of 
personal protective equipment (PPE) is the only strategy to reduce the risk to human 
health from pollutants in stormwater. For example, workers who are most likely to 
come into contact with stormwater, the use of PPE such as diving suits and goggles, 
need to be used to minimise the skin surface area available for contact (SA). 
However, the PPE is totally dependent on individuals and therefore it can be the least 
effective method to control human health risks associated with stormwater compared 
to other control methods. 
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9.4 APPLICATION OF RESEARCH STUDY OUTCOMES 
9.4.1 Recommendations for Current Water Quality Guidelines 
The Australian and New Zealand Guidelines for Fresh and Marine Water Quality 
(ANZECC 2000) and Australian Drinking Water Guidelines (NHMRC&AWRC 
2011) provide the threshold concentrations of HMs and PAHs in relation to human 
health in water used for recreation and drinking. ANZECC (2000) summaries the 
safe level of toxic chemical pollutants in water for recreational use such as 
swimming. People can come into contact with HMs and PAHs in stormwater through 
dermal contact and incidental oral ingestion while swimming. NHMRC & AWRC 
(2011) provides the threshold concentration of toxic chemical pollutants in potable 
water. HMs and PAHs in potable water can pose risk to human health through oral 
ingestion. The water quality guideline values for HMs and PAHs in the case of 
recreational and potable use are summarised in Table 9.1. 
Table 9.1 Water quality guideline values for recreational use (ANZECC 2000) 
and drinking water (NHMRC&AWRC 2011) 
Pollutants Guideline value for recreational use 
(ANZECC 2000) 
Guideline value for drinking 
(NHMRC&AWRC 2011) 
Al 0.2ppm N/A 
Cd 0.005ppm 0.002ppm 
Cr 0.05ppm 0.05ppm 
Cu 1ppm 2ppm 
Fe 0.3ppm N/A 
Pb 0.05ppm 0.01ppm 
Mn 0.1ppm 0.5ppm 
Ni 0.1ppm 0.02ppm 
Zn 5ppm N/A 
B[a]P 1E-05ppm 1E-05ppm 
N/A: no reference values in the guideline 
According to Table 8.9 and 8.10, the concentrations of HMs and PAHs in the 
stormwater from the study sites were determined as shown in Table 9.2. The shaded 
cells in the table represent that concentrations of the corresponding pollutants in the 
stormwater from the road sites which exceed ANZECC (2000) values and 
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accordingly the stormwater is not suitable for swimming or other forms of direct 
contact. The cells with red text indicate that the pollutant concentrations which are 
greater than the threshold values provided by NHMRC & AWRC (2011) and the 
stormwater cannot be directly used as potable water without further treatment. Table 
9.3 lists the risks assessed by the model developed in Chapter 8 for HMs and PAHs 
in stormwater from all the study sites and the cells with potential risk are shaded. 
It can be concluded that stormwater from most of the study sites cannot be used for 
swimming or drinking according to ANZECC (2000) and NHMRC&AWRC (2011). 
However, based on the human health risk assessment undertaken in this project, 
stormwater from the natural suburb is generally safe for swimming. Additionally, 
Table 9.2 shows that stormwater from some road sites would not exert risk to human 
health through drinking in accordance with the guidelines. Nevertheless, the HMs 
and PAHs in the stormwater from these road sites are toxic to human health based on 
the risk assessment procedure undertaken. The difference between Table 9.2 and 9.3 
implies that just determining the concentration of HMs and PAHs cannot 
comprehensively estimate the human health risk posed by these pollutants. 
Therefore, it is recommended that the assessment of human health risk should be 
based on the models developed in this project rather than only evaluating pollutant 
concentrations. 
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Table 9.2 Concentrations of HMs and B[a]Peq in stormwater from the study sites 
Study Sites Al 
[ppm] 
Cr 
[ppm] 
Mn 
[ppm] 
Fe 
[ppm] 
Ni 
[ppm] 
Cu 
[ppm] 
Zn 
[ppm] 
Cd 
[ppm] 
Pb 
[ppm] 
B[a]P 
[ppm] 
Hobgen St 0.9397 0.0016 0.0342 1.9139 0.0013 0.0108 0.0443 2.06E-07 0.0034 5.39E-06 
St Paul Pl 1.1429 0.0019 0.0375 2.5836 0.0015 0.0157 0.0569 2.33E-07 0.0059 5.93E-06 
Thornton St 1.4760 0.0032 0.0621 3.4672 0.0019 0.0272 0.0831 2.05E-07 0.0153 1.88E-05 
Via Roma Dr 1.2081 0.0027 0.0572 2.0899 0.0018 0.0160 0.0635 1.37E-07 0.0061 1.97E-05 
De Haviland Av 1.1894 0.0020 0.0355 2.3587 0.0015 0.0147 0.0554 1.99E-07 0.0053 5.05E-06 
Mediterranean Dr 1.3183 0.0023 0.0407 2.4993 0.0017 0.0170 0.0671 1.78E-07 0.0056 7.62E-06 
Strathaird Rd 3.3919 0.0143 0.0939 11.1425 0.0164 0.3294 0.2342 1.55E-07 0.0730 3.73E-05 
Village High Rd 0.8739 0.0032 0.0468 2.2226 0.0020 0.0168 0.0599 1.33E-07 0.0081 8.79E-06 
Hilldon Ct 2.2496 0.0103 0.0685 5.0251 0.0394 0.0883 0.1440 4.75E-07 0.0299 1.81E-05 
Lawrence Dr 3.0003 0.0074 0.1339 7.6716 0.0285 0.0706 0.3782 4.23E-07 0.0526 2.44E-05 
Patrick Rd 0.8352 0.0064 0.0579 4.0020 0.0268 0.0391 0.1197 4.37E-07 0.0227 4.69E-06 
Stevens St 1.3345 0.0047 0.0886 5.0368 0.0097 0.0615 0.1460 1.60E-07 0.0174 1.80E-05 
Carine Ct 0.6926 0.0020 0.0275 1.3963 0.0012 0.0054 0.0278 1.15E-07 0.0041 3.79E-06 
Merloo Dr 0.5750 0.0016 0.0267 1.5984 0.0010 0.0053 0.0242 1.80E-07 0.0050 3.42E-06 
Winchester Dr 0.7743 0.0023 0.0315 1.5984 0.0013 0.0066 0.0342 1.13E-07 0.0050 5.49E-06 
Yarrimbah Dr 1.3357 0.0024 0.0423 2.5376 0.0013 0.0111 0.0488 1.73E-07 0.0097 1.20E-05 
Latimers Crossing Rd 0.4280 0.0011 0.0226 1.5984 0.0007 0.0043 0.0171 2.84E-07 0.0050 2.14E-06 
Nerang-Murwillumbah Rd 0.4779 0.0012 0.0248 1.7594 0.0008 0.0050 0.0197 2.84E-07 0.0057 2.75E-06 
Parkway Dr 0.4108 0.0007 0.0135 0.9347 0.0005 0.0019 0.0078 2.84E-07 0.0023 5.20E-07 
Tangara Rd 0.4108 0.0007 0.0135 0.9347 0.0005 0.0019 0.0078 2.84E-07 0.0023 5.20E-07 
Shaded cells are concentration exceeding ANZECC (2000) and red text are concentration exceeding NHMRC&AWRC (2011) 
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Table 9.3 Risk of HMs and B[a]Peq in stormwater from the study sites 
Land Use Urban Form Traffic Study Sites HIdrink HIswim ILCRdrink ILCRswim 
Industrial Industrial High traffic volume and frequent 
braking and starting activities 
Hilldon Ct 0.36 1.17 5.06E-06 5.45E-06 
Lawrence Dr 0.52 1.32 1.18E-05 1.27E-05 
Patrick Rd 0.25 0.77 2.71E-06 2.92E-06 
Stevens St 0.27 0.70 4.51E-06 4.85E-06 
Commercial Commercial area with shops, 
school, hospital and offices 
Low traffic volume around and 
low frequency of braking and 
starting activities 
Hobgen St 0.09 0.24 1.81E-06 1.95E-06 
St Paul Pl 0.12 0.30 2.74E-06 2.95E-06 
Tourism or commercial area with 
vehicle related activities 
High traffic volume and frequent 
braking and starting activities 
Via Roma Dr 0.13 0.39 3.21E-06 3.46E-06 
Thornton St 0.20 0.52 4.41E-06 4.75E-06 
Strathaird Rd 0.73 1.91 1.55E-05 1.67E-05 
Residential Mixed land use with residential 
houses and commercial areas 
Generally low traffic volume and 
low frequent braking and starting 
activities 
De Haviland Av 0.11 0.30 2.60E-06 2.80E-06 
Mediterranean Dr 0.12 0.34 3.42E-06 3.69E-06 
Village High Rd 0.13 0.41 2.43E-06 2.62E-06 
Residential houses Low traffic volume and low 
frequency of braking and starting 
activities 
Carine Ct 0.08 0.25 1.72E-06 1.86E-06 
Merloo Dr 0.08 0.22 1.46E-06 1.57E-06 
Winchester Dr 0.09 0.28 2.37E-06 2.56E-06 
Yarrimbah Dr 0.14 0.37 4.34E-06 4.68E-06 
Natural Mostly pervious areas Low traffic volume and low 
frequency of braking and starting 
activities 
Latimers Crossing Rd 0.07 0.17 8.88E-07 9.57E-07 
Nerang-Murwillumbah Rd 0.08 0.19 1.10E-06 1.19E-06 
Parkway Dr 0.04 0.11 2.65E-07 2.86E-07 
Tangara Rd 0.04 0.11 2.65E-07 2.86E-07 
Shaded cells are with potential risk
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9.4.2 Application of Outcomes for Stormwater Management 
The outcomes of Chapter 8 linked risk to human health from HMs and PAHs in 
stormwater to the traffic and land use characteristics. These outcomes can be applied 
to assess and manage human health risk in stormwater based on traffic and land use 
characteristics of an area. 
There are four land use types investigated in this project, namely, industrial, 
commercial, residential and natural land use. As can be seen in Table 9.3, stormwater 
from the natural area is generally safe to human health and the water can be reused as 
drinking water and for recreational use such as swimming. On the other hand, 
stormwater from urban areas is generally detrimental to human health. Due to the 
risk from pollutants, the stormwater generated from urban areas is not suitable to be 
reused directly. However, this fraction of stormwater can be reused without human 
contact such as in construction sites, toilet flushing, street cleaning, building cooling 
and ornamental ponds. As shortage of water resources is becoming increasingly 
common around the world, the improvement of stormwater quality for reuse for 
potable purposes is a feasible option. As this research project focused on risk to 
human health from HMs and PAHs, this section only discusses the control of only 
these pollutants in stormwater. For instance, according to the options for elimination 
discussed in Section 9.3.3, BMPs can be provided to remove toxic HMs and PAHs 
(i.e. Cr and heavy PAHs) in stormwater. 
According to Chapter 8, risk to human health from HMs and PAHs in stormwater 
runoff is not only influenced by conventional land use, but also significantly 
influenced by the specific urban form and traffic activities around the site. Therefore, 
the risk management and quality improvement of urban stormwater is also dependent 
on different urban forms and traffic characteristics. 
The severity of the risk from stormwater pollutants are influenced by factors such as 
traffic volume, land use, urban form and traffic characteristics. Therefore, in order to 
mitigate these risks the following recommendations are provided. 
 The various industrial production activities in industrial areas are a primary 
source of HMs and PAHs to stormwater. As noted in Section 9.3.2, the 
substitution for Cr and heavy PAHs during industrial production with the 
 220 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 
adoption of cleaner production approaches can help to minimise the risk to 
human health from HMs and PAHs in stormwater (refer to Section 8.2). 
Alternatively, industrial activities can be located in the areas where BMPs 
and WSUD techniques are easily implemented to reduce the concentration of 
pollutants in stormwater. 
 Regular street cleaning to remove road dust and debris including vegetation 
debris must be undertaken as organic carbon can influence the association of 
HMs and PAHs to solids. This needs significant attention in commercial and 
industrial areas. 
 Production of new types of insecticides without heavy PAHs can minimise 
the presence of harmful pollutants on the road surfaces. In this case, the risk 
from PAHs in stormwater from residential areas can be reduced to a 
significant extent. 
 Areas with relatively high traffic volume commonly lead to congestion, 
resulting in more frequent braking and starting activities. Hence, the use of 
brake pads with reduced heavy metal content, particularly Cr should be 
considered. Furthermore, the design and layout of roads to reduce congestion 
and frequent braking and starting activities is another option. An additional 
option would be the encouragement of people to use public transport and 
thereby reduce the use of personal transport. 
 Ornamental ponds can be constructed in the city for visual use. It is clear that 
ornamental ponds are of more value in the residential areas for recreational 
use by the residents rather than industrial and commercial areas. However, 
the control of toxic chemical pollutants in the stormwater ponds must be 
undertaken, especially if the ponds are provided in an area with high 
population density. This can be undertaken by engineering control such as 
providing a barrier to prevent people from coming into contact with the 
waterbody or administration control such as signage to warn people of the 
risk associated with the water. 
Based on the discussion above, a roadmap of the approach to the assessment and 
management of human health risk arising from HMs and PAHs in stormwater can be 
 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 221
developed as illustrated in Figure 9.2. There are five key steps in the roadmap 
including the identification of land use, identification of urban form and traffic 
characteristics, risk assessment, stormwater reuse, and stormwater quality 
improvement strategies. 
 
Figure 9.2 Roadmap of the approach to human health risk assessment and 
management of HMs and PAHs in stormwater 
Based the roadmap shown in Figure 9.2, a flowchart illustrating the approach for 
human health risk assessment and management of the toxic chemical pollutants in 
stormwater is summarised in Figure 9.3. This flowchart provides a framework for the 
robust assessment and management of human health risk from HMs and PAHs in 
stormwater. It is important to note that this flowchart has been designed to only 
assess and control the risk associated with HMs and PAHs in stormwater and 
excludes other pollutants that are also present in stormwater. The methodology 
developed as depicted in the roadmap in Figure 9.2 and the flowchart in Figure 9.3 
can be further extended to assess and manage risk to human health posed by other 
stormwater pollutants or for different land use areas. 
Step 1 
• Identification of land use type 
Step 2 
• Identification of urban form type and traffic characteristics 
Step 3 
• Risk assessment of HMs and PAHs in storwmater 
Step 4 
• Stormwater management and reuse suggestions 
Step 5 
• Stormwater management and quality improvement strategies 
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Figure 9.3 Flowchart for human health risk assessment and management of the toxic chemical pollutants in stormwater 
Human health risk assessment and recommendations for stormwater management from an area 
 What type of land use? 
Industrial Natural Residential Commercial 
Commercial area with 
significant motor vehicle 
related activities or 
tourism activities 
Commercial area with 
primarily shops, school, 
hospital and offices 
Mixed residential and 
commercial land uses 
Residential houses 
High traffic volume and 
frequent braking and 
starting activities 
Low traffic volume and 
frequent braking and 
starting activities 
 
Generally low traffic 
volume and frequent 
braking and starting 
activities 
 
Low traffic volume and 
low frequency of braking 
and starting activities 
Low traffic volume and 
low frequency of 
braking and starting 
activities 
High traffic volume and 
frequent braking and 
starting activities 
High water quality 
stormwater reuse for: 
 Drinking 
 Recreation such 
as swimming and 
boating 
Human health risk assessment 
Does the result show any risk? 
Yes No 
What type of urban 
form? 
Industrial activities Almost pervious area 
Low water quality stormwater can be reused for construction site, toilet flushing, car washing, street clean and cooling. Ornamental ponds in residential areas with engineering or 
administration control such as barriers and warning signs. 
 Elimination: reduction of traffic 
volume 
 Substitution: using new type of 
brake pads or fuel without Cr and 
heavy PAHs; cleaner production 
 Engineering control: 
BMPs/WSUD 
 Elimination: reduction of traffic volume; 
improvement of the management of the 
environment 
 Substitution: using new type of brake pads or fuel 
without Cr and heavy PAHs; cleaner production 
 Engineering control: BMPs/WSUD 
 Elimination: reduction of traffic volume 
 Substitution: using new type of brake pads or fuel 
without Cr and heavy PAHs 
 Engineering control: BMPs/WSUD 
 Substitution: production of 
new insecticides excluded 
heavy PAHs 
 Engineering control: 
BMPs/WSUD 
High risk Moderate risk Low risk 
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9.5 CONCLUSIONS 
This chapter has primarily discussed the practical application of the research study 
outcomes for the control and reuse of stormwater based on urban form. Based on the 
outcomes in Chapter 8, urban areas can be categorised into five different urban forms 
in addition to natural areas. Each type of urban form is associated with specific 
traffic characteristics. Based on urban form and the corresponding traffic 
characteristics of an area, a flowchart was developed for human health risk 
management arising from HMs and PAHs in stormwater (Figure 9.3). The 
application of the concept, hierarchy of control in relation to the mitigation of human 
health risk arising from HMs and PAHs in stormwater was also discussed based on 
the study outcomes.  
Accordingly, the application of the study outcomes for hierarchy of hazard control 
can be classified as follows: 
 Elimination: controlling the generation of particularly, Cr and heavy PAHs 
can reduce their impacts to a safe level such as reducing traffic volume. 
 Substitution: using alternate materials or technologies that do not contain Cr 
and heavy PAHs such as cleaner production approaches in industrial areas; 
producing new types of brake pads and vehicle components and fuel without 
Cr and heavy PAHs; and using new insecticides which exclude PAHs. 
 Engineering control: isolating stormwater ornamental ponds and similar 
landscape features from people; appropriate BMPs and WSUD techniques 
can be applied to the hotspots where the generation of high risk stormwater is 
to be expected. Furthermore, the urban form and road layouts can be designed 
according to the risk assessment results. Essentially, the study outcomes 
should inform urban land use planning approaches. 
 Administration control: warning signage can be placed to warn people of the 
risk associated with the water, particularly near the stormwater outfalls into 
receiving water bodies. 
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 PPE: workers who are most likely to come into contact with stormwater 
should be encouraged to use of PPE such as diving suits and goggles in order 
to minimise the skin surface area available for contact. 
Recommendations for current water guidelines: 
 The assessment of human health risk should be based on the models 
developed in this project rather than only evaluating pollutant concentrations. 
Application of outcomes for stormwater management:  
 Human health risk assessment and management of HMs and PAHs in 
stormwater can be conducted based on the roadmap developed as shown in 
Figure 9.2. It consists of five steps, namely, identification of land use type, 
identification of urban form type and traffic characteristics, risk assessment of 
HMs and PAHs in stormwater, stormwater management and reuse options, 
and stormwater management and quality improvement strategies. This 
approach can be further extended to assess and manage risk to human health 
posed by HMs and PAHs in stormwater generated from any other areas. 
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Chapter 10: Conclusions and 
Recommendations for Further 
Research 
10.1 CONCLUSIONS 
This research project developed an in-depth knowledge in relation to the risks arising 
from traffic and land use generated toxic chemical pollutants in stormwater and their 
relationships to traffic and land use characteristics. This achievement relates to the 
objective of the research study identified in Section 1.4. Nine heavy metals (HMs) 
and fifteen polycyclic aromatic hydrocarbons (PAHs) were identified as the main 
toxic chemical pollutants generated by traffic and land use related activities, which 
can exert risks to human health from stormwater pollution. A mathematical model 
was developed to quantitatively assess the risks of HMs and PAHs in stormwater and 
accordingly, the first aim as detailed in Section 1.4 was realised. Besides, to achieve 
the second aim, the mathematical model was further enhanced by developing 
predictive model for those risks using qualitative and quantitative factors such as 
traffic volume, percentage of land use area, urban form and traffic characteristics. 
The availability of mathematical model to evaluate human health risks accurately 
will enable a range of practical applications to be undertaken in relation to designing 
engineering and administrative control strategies for managing risks to urban 
receiving waters (Chapter 9). 
The final mathematical model was developed based on an initial mathematical model 
which only considered traffic volume and percentage of different land use areas. The 
primary model was developed according to standard risk assessment procedure 
which requires the concentration of pollutants present in the stormwater. The 
concentration of HMs and PAHs in stormwater was calculated based on the pollutant 
loadings in build-up solids which were collected from twenty study sites with various 
traffic and land use characteristics (Chapter 4 and 5). Based on the concentration data 
(Chapter 6), the primary model was developed to estimate the concentration of HMs 
and PAHs in stormwater as influenced by traffic volume and land use area 
percentage (Chapter 7). This model provided a platform for the development of the 
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final mathematical model to evaluate risk from HMs and PAHs in stormwater. 
Subsequently, the relationship between the calculated risk and traffic and land use 
characteristics was analysed for all the study sites using multivariate techniques and 
field investigations. Based on the relationship between risk and traffic and land use, 
the final model was developed to predict human health risk as influenced by traffic 
volume, percentage of land use area, urban form and traffic characteristics (Chapter 
8). The main conclusions derived from this project are discussed below. 
10.1.1 Assessing Pollutant Concentration in Stormwater 
The build-up data derived from field investigations was converted to pollutant 
concentrations and in turn related to traffic and land use characteristics. The main 
outcomes are as follows. 
 Pollutants loads in build-up were successfully converted to concentrations in 
stormwater by using stormwater quality and quantity modelling approaches. 
Event mean concentration (EMC) of total solids (TS) was calculated as the 
ratio between wash-off load of TS and stormwater runoff volume. The 
stormwater quality modelling method adopted to estimate the load of TS in 
stormwater runoff from an urban catchment is a robust method and was based 
on the build-up equation developed by Sartor et al. (1974) and wash-off 
equation developed by Egodawatta (2007). It was confirmed that the 
hydrologic and hydraulic simulation procedure developed can provide a 
reliable estimation of the runoff volume from a series of rainfall events. 
 Concentration of HMs and PAHs in stormwater runoff was successfully 
estimated as a function of DTV and land use percentage (i.e. C, I and R). An 
example of the mathematical equation developed using the R software is 
presented below and the complete set of equations are presented in Table 6.18 
to 6.21. These equations can be used for estimating pollutant concentrations 
from unmonitored sites. 
Al=exp(5.058-2.047×lnDTV+0.1743×(lnDTV)
2
+1.731×C+1.092×R) 
where: Al – concentration of Al in stormwater; 
DTV – daily traffic volume (vehicles per day (VPD)); 
 Human Health Risk of Toxic Chemical Pollutants Generated from Traffic and Land Use Activities 227
C, I, R – percentage of commercial, industrial and residential land use 
area within 1km radius from interested location 
exp/ln – exponential/logarithmic function. 
 The concentrations of HMs in stormwater were high for the industrial suburb 
compared to other land uses. Stormwater from the commercial area contained 
the second highest concentrations of HMs, followed by residential area, while 
stormwater runoff from the natural area had the lowest HM concentration. 
 Concentrations of PAHs in stormwater show relatively lower variability 
compared to HMs. The concentrations of PAHs in stormwater were the 
highest in the industrial suburb while the lowest was in the natural suburb. 
Stormwater from commercial and residential suburbs had similar 
concentration of PAHs. 
10.1.2 Human Health Risk Assessment of Toxic Chemical Pollutants 
The initial risk model developed to estimate human health risk of HMs and PAHs in 
stormwater was based on daily traffic volume (DTV) on the road and conventional 
land use types. From the estimated risk from pollutants in stormwater, the following 
conclusions were derived: 
 Incremental lifetime cancer risk (ILCR) is the most appropriate to calculate 
the risk from PAHs in stormwater while hazard index (HI) is the most 
suitable to assess risk from HMs. This can be undertaken based on the four 
steps defined in the risk assessment procedure, namely, hazard identification, 
exposure assessment, dose-response assessment and risk characterisation. 
HMs and PAHs in stormwater can pose risk to human health through three 
exposure pathways, namely, oral ingestion via consumption, dermal contact 
and incidental ingestion when swimming. 
 Risk from HMs and PAHs associated with total solids and fine solids 
(<150µm) in stormwater from an area can be estimated using the 
mathematical model developed. The model employs parameters which are 
easy to collect including DTV and percentage of commercial, industrial and 
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residential area within 1km of the area of interest as shown in Equations 7.17 
to 7.20. 
 Even though the influence of a single HM would not exert substantial risk to 
people, the presence of multiple HMs could be toxic to human health. 
Therefore, the conventional thresholds of toxicity levels in the form of 
individual pollutants should be upgraded to thresholds in the form of HI from 
multiple HMs. 
 Cr provides the highest contribution to the combined risk from a HM mixture 
accounting for 34.05%. Contribution of Mn is the second highest at 22.35%, 
followed by Pb accounting for 17.51%. Al and Fe contribute to the combined 
toxicity to a lesser extent at 10.34% and 8.61%, respectively. The 
contributions to risk from other HMs are much smaller accounting for 7.41% 
in total. 
 The risk calculated for HMs shows that Cr, Mn and Pb can be toxic even at a 
low concentration. Therefore, it can be concluded that in order to determine 
the risk to human health from HMs needs to consider their HI rather than the 
concentration level. 
 Toxic equivalent factors (TEFs) of heavy PAHs (5 or 6 benzene rings) are 
relatively higher than the light PAHs (2 to 4 benzene rings). This confirms 
that the risk from PAHs in stormwater is primarily influenced by the heavy 
PAHs with 5 to 6 benzene rings. 
10.1.3 Further Refinement of the Health Risk Assessment Approach 
The relationship between risk posed by HMs and PAHs in stormwater runoff with 
traffic and land use characteristics was investigated using quantitative and qualitative 
analyses. The main conclusions are as follows: 
 Human health risk from PAHs and HMs in stormwater is influenced by both 
quantitative parameters and qualitative parameters. Quantitative parameters 
refer to daily traffic volume (DTV) on the road site and the fraction of 
conventional land use, namely, industrial, commercial and residential. 
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Qualitative parameters include urban form and traffic characteristics in the 
vicinity. 
 Risk to human health from HMs and PAHs in stormwater generally increases 
with the increase in traffic volume. Although the risk associated with 
stormwater from industrial areas is generally higher than that from 
commercial and residential areas, conventional land use types alone are 
inadequate to comprehensively explain the risk to human health from HMs 
and PAHs in stormwater. This is because the risk from HMs and PAHs in 
stormwater is also influenced by qualitative parameters. 
 Risk from pollutants in stormwater runoff is primarily dependent on the 
concentration of pollutants. High concentration of pollutants in stormwater 
leads to high risk to human health, and vice versa. 
 Based on the combined risk of ILCR and HI, risk to human health from HMs 
and PAHs in stormwater can be categorised at three levels as, high risk, 
moderate risk and low risk. Urban form and traffic characteristics exert a 
significant influence on the risk from PAHs and HMs in stormwater 
originating from an area. 
 Urban form in areas generating stormwater with high risk typically represents 
industrial premises and tourism or motor vehicle related business. Traffic 
characteristics in these areas include high traffic volume in the vicinity and 
various activities that lead to frequent braking and starting of motor vehicles. 
 Urban form in areas generating stormwater with moderate risk is typically 
characterised by residential houses, school, retail and hospitals. Traffic 
characteristics in these areas generally consist of relatively low traffic volume 
and reduced braking frequency. 
 Urban form in areas generating stormwater with low risk is natural areas 
typically consisting of pervious area and where stormwater gully pits on 
roads are rare. Generally traffic volumes in the vicinity and braking and 
starting frequency are very low. 
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 Urban form is also an influential factor on the risk from pollutants in 
stormwater originating from commercial and residential areas. The 
commercial land use area can be categorised into two main urban forms in 
terms of the specific activities taking place; motor vehicle related activities 
with high traffic volumes in the vicinity; and shops, schools, hospitals and 
offices. The former land use area generates stormwater runoff with relatively 
higher risks from HMs and PAHs than the latter. The residential land use 
areas can be categorised into two main urban forms in terms of the specific 
activities taking place, namely, mixed residential and commercial activities 
and residential housing. Risks from HMs and PAHs in the stormwater from 
the former area are relatively higher than the latter. 
 Fraction of vehicle related business (FVS) and braking and starting frequency 
(BSF) have the most influence on human health risk from HMs and PAHs in 
stormwater. Therefore, FVS and BSF need to be considered as factors to 
evaluate risk of pollutants in stormwater. Taking into consideration both, 
quantitative and qualitative parameters, the final risk model was developed to 
predict the non-cancer risk from HMs and cancer risk from PAHs in 
stormwater (Equation 8.4 to 8.7). 
10.1.4 Practical Application of Research Outcomes 
Due to the high quality, stormwater originating from natural area can be reused for 
drinking and swimming with minimal treatment. The low quality of stormwater 
originating from urban areas can only be reused where there is no direct contact with 
people. Management of the risk from HMs and PAHs in stormwater can be achieved 
by hazard control and stormwater quality improvement. Based on traffic volume, 
land use, urban form and traffic characteristics in an area, recommendations were 
provided for the assessment and management of risk to human health from HMs and 
PAHs in stormwater.  
Accordingly, the application of the study outcomes for hierarchy of hazard control 
can be classified as follows: 
 Elimination: controlling the generation of particularly Cr and heavy PAHs 
can reduce their impacts to a safe level such as reducing traffic volume. 
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 Substitution: using alternate materials or technologies that do not contain Cr 
and heavy PAHs such as cleaner production in industrial areas; producing 
new type of brake pads and vehicle components and fuel without Cr and 
heavy PAHs; and using new insecticides which exclude PAHs. 
 Engineering control: isolating stormwater ornamental ponds and similar 
landscape features from people. Appropriate BMPs and WSUD techniques 
can be applied to the hotspots where the generation of highly risk stormwater 
is to be expected. Furthermore, the urban form and road layouts can be 
designed according to the risk assessment results. Essentially, the study 
outcomes should inform urban land use planning approaches. 
 Administration control: warning signage can be placed to warn people of the 
risk associated with the water, particularly near the stormwater outfalls into 
receiving waters bodies. 
 PPE: workers who are most likely to come into contact with stormwater 
should be encouraged to use of PPE such as diving suits and goggles in order 
to minimise the skin surface area available for contact. 
Recommendations for current water guidelines: 
 The assessment of human health risk should be based on the models 
developed in this project rather than only evaluating pollutant concentrations. 
Application of outcomes for stormwater management:  
 Human health risk assessment and management of HMs and PAHs in 
stormwater can be conducted based on the roadmap developed as shown in 
Figure 9.2. It consists of five steps, namely, identification of land use type, 
identification of urban form type and traffic characteristics, risk assessment of 
HMs and PAHs in stormwater, stormwater management and reuse options, 
and stormwater management and quality improvement strategies. This 
approach can be further extended to assess and manage risk to human health 
posed by HMs and PAHs in stormwater generated from any other areas. 
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10.2 RECOMMENDATIONS FOR FURTHER RESEARCH 
This research project created new knowledge for assessing risk from traffic generated 
pollutants in stormwater. Furthermore, it provided an in-depth understanding of the 
influence of traffic and land use on risk associated with HMs and PAHs in 
stormwater. In addition to the current project, several other key areas will benefit 
through further research. Accordingly, the following recommendations are provided 
to further extend this area of research: 
 This project focused on human health risk associated with traffic generated 
pollutants in stormwater. Stormwater is a primary source of pollutants to 
urban receiving waters such as lakes, rivers and oceans. Contact with 
receiving waters is also an important pathway for people to come into contact 
with stormwater pollutants. Since the pollutant concentration in stormwater 
will be diluted after entry to receiving waters, the dilution factor need to be 
considered in the case of receiving water systems. Therefore, the outcomes of 
the present project provides a preliminary step and further research in relation 
to risk to receiving waters need to take the dilution factor into consideration. 
This can enable the assessment of risk from HMs and PAHs to receiving 
water bodies. 
 This research project investigated the risk from HMs and PAHs and did not 
consider the possible interactions between HMs and PAHs. Therefore, the 
possibility exists that the combined toxic effects of HMs and PAHs could be 
different. Further research is recommended to investigate the combined risk 
of PAH and HM mixtures in stormwater. 
 The research project only focused on human health risk posed by HMs and 
PAHs in stormwater. However, some stormwater reuse strategies can also 
impact on ecological health such as aquifer recharge and irrigation. 
Therefore, it is recommended that research into the impact of stormwater 
pollutants on ecological health should be undertaken.  
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Table A.1 pH, EC [μS/cm], solids and OC[ppm] of build-up solids from the first sampling episode 
Suburbs Study Sites pH EC Mass fraction of 
solids <150µm 
Mass fraction of 
solids >150µm 
OC on solids 
<150µm 
OC on solids 
>150µm 
Surfers Paradise Hobgen St 6.92 103.6 1.29% 98.71% 11245.42 9380.42 
St Paul Place 6.15 74.1 29.85% 70.15% 51344.97 20479.98 
Thornton St 6.52 627 9.48% 90.52% 28261.91 13154.71 
Via Roma Dr 6.50 77.7 50.71% 49.29% 103173.46 49720.13 
Benowa De Haviland Avenue 6.54 216.3 27.60% 72.40% 32584.08 54429.66 
Mediterranean Drive 6.99 177.2 77.42% 22.58% 114103.39 106267.80 
Strathaird Road 6.65 243.3 14.46% 85.54% 42306.41 16251.97 
Village High Road 6.82 605.4 66.60% 33.40% 190262.21 56878.36 
Nerang Hilldon Ct 7.00 39.4 70.36% 29.64% 201780.28 57572.81 
Lawrence Dr 6.96 104.5 36.79% 63.21% 37636.25 6518.45 
Patrick Rd 6.45 48.9 37.10% 62.90% 201363.67 30048.93 
Stevens St 6.30 32.3 24.67% 75.33% 253533.21 28016.44 
Clearview Estate Carine Court 6.62 156.3 47.24% 52.76% 188016.49 74632.29 
Merloo Drive 6.47 246 40.04% 59.96% 138847.24 35442.80 
Winchester Drive 6.43 154.7 40.99% 59.01% 127384.70 45193.12 
Yarrimbah Drive 6.52 186 59.99% 40.01% 90641.92 31619.08 
Advancetown Latimers Crossing Rd 6.61 19.92 72.62% 27.38% 2333370.72 158465.78 
Nerang-Murwillumbah Rd 6.42 46.8 81.41% 18.59% 3088826.63 113952.26 
Parkway Dr 6.61 16.48 27.21% 72.79% 78572.79 29732.94 
Tangara Rd 6.67 21.42 30.89% 69.11% 683779.18 63054.83 
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Table A.2 HM load [ppm] of build-up solids <150µm from the first sampling episode 
Suburbs Study Sites Al Cr Mn Fe Ni Cu Zn Cd Pb 
Surfers 
Paradise 
Hobgen St 594.44 1.51 25.79 1065.47 1.55 22.75 62.53 0.06 4.25 
St Paul Place 3493.61 9.63 116.05 5893.54 15.68 255.78 446.33 0.58 39.43 
Thornton St 717.93 2.55 28.30 1395.70 1.59 23.03 73.43 0.16 16.17 
Via Roma Dr 5367.63 18.31 327.68 11220.98 16.06 265.01 956.05 5.37 52.64 
Benowa De Haviland Avenue 1323.00 3.20 35.83 2312.69 3.98 33.45 191.02 0.13 18.13 
Mediterranean Drive 11265.47 21.88 380.10 19952.25 15.92 121.19 687.36 0.56 41.48 
Strathaird Road 3181.68 13.38 131.21 7460.90 9.67 262.48 391.05 0.15 43.67 
Village High Road 5754.72 15.86 178.79 11817.30 17.56 181.80 580.08 0.24 136.87 
Nerang Hilldon Ct 8737.77 37.30 322.43 22564.13 546.86 547.03 1429.85 0.88 263.81 
Lawrence Dr 4046.64 8.14 173.07 8594.69 69.21 69.24 345.05 0.13 47.42 
Patrick Rd 3992.31 34.25 229.98 13588.58 227.74 227.78 525.68 0.45 111.78 
Stevens St 3175.77 7.27 141.31 8375.15 64.79 64.83 362.58 0.30 47.10 
Clearview 
Estate 
Carine Court 5377.93 9.74 181.56 9772.13 7.40 55.56 400.08 0.34 38.10 
Merloo Drive 4398.27 6.38 228.03 9058.74 6.74 39.02 217.48 0.22 15.12 
Winchester Drive 4721.08 9.11 189.74 8929.22 6.64 46.81 309.06 0.42 21.06 
Yarrimbah Drive 3555.91 6.70 136.16 7746.75 5.29 34.72 171.02 0.21 15.08 
Advancetown Latimers Crossing Rd 9102.66 24.83 269.54 16790.93 17.88 137.19 383.69 0.75 54.64 
Nerang-Murwillumbah Rd 10225.67 34.13 407.22 18646.49 33.00 126.53 685.56 1.42 33.44 
Parkway Dr 3268.93 4.78 82.92 5466.19 6.32 21.42 68.97 0.21 17.12 
Tangara Rd 3650.19 5.48 90.93 5580.02 5.47 28.47 64.55 0.14 29.55 
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Table A.3 HM load [ppm] of build-up solids >150µm from the first sampling episode 
Suburbs Study Sites Al Cr Mn Fe Ni Cu Zn Cd Pb 
Surfers 
Paradise 
Hobgen St 1424.68 3.74 27.41 2123.46 0.92 32.72 22.80 0.01 2.48 
St Paul Place 288.84 0.15 7.91 357.55 0.66 6.08 35.11 0.03 11.49 
Thornton St 336.30 0.94 13.25 669.59 0.65 13.23 27.64 0.01 4.33 
Via Roma Dr 1472.49 3.41 45.86 2429.73 1.57 31.20 121.08 0.16 19.45 
Benowa De Haviland Avenue 7894.92 12.81 279.97 20121.76 8.26 23.85 175.73 0.11 50.68 
Mediterranean Drive 30197.73 70.60 1131.27 73882.05 39.73 278.45 573.76 0.38 64.18 
Strathaird Road 10295.29 41.09 351.80 27312.20 21.06 302.73 344.26 0.13 24.36 
Village High Road 10833.27 24.24 394.77 31939.49 48.66 130.69 524.68 0.00 122.24 
Nerang Hilldon Ct 36208.77 84.54 903.57 83030.70 654.95 655.13 1478.21 5.50 244.38 
Lawrence Dr 2107.02 3.40 99.19 5798.42 26.10 26.12 108.29 0.59 15.63 
Patrick Rd 2097.60 45.42 164.47 13994.92 67.36 67.39 406.94 0.48 40.25 
Stevens St 1489.97 3.77 83.05 5303.06 53.54 53.59 271.44 0.61 32.32 
Clearview 
Estate 
Carine Court 17221.97 153.24 609.51 39617.90 34.57 60.64 423.91 0.03 48.90 
Merloo Drive 9425.75 21.28 456.00 26507.75 9.53 21.08 170.68 0.02 63.10 
Winchester Drive 12201.24 14.38 401.80 27216.65 11.77 42.66 214.34 0.02 36.18 
Yarrimbah Drive 6626.85 9.74 265.82 16547.75 8.42 39.70 127.64 0.08 15.14 
Advancetown Latimers Crossing Rd 12671.92 68.28 778.18 66549.85 26.23 179.93 630.45 0.60 123.44 
Nerang-Murwillumbah Rd 1726.23 6.54 81.48 3875.40 4.55 34.14 167.00 17.97 11.29 
Parkway Dr 3994.03 3.82 129.46 8339.72 3.56 13.33 69.65 0.08 35.93 
Tangara Rd 12197.81 15.54 523.29 34344.37 15.78 70.49 237.49 0.45 34.87 
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Table A.4 PAH load [ppm] of build-up solids <150µm from the first sampling episode 
Suburbs Study Sites NAP  ACY ACE FLU PHE ANT FLA PYR BaA CHR BbF BaP IND DbA BgP 
Surfers 
Paradise 
Hobgen St 0.0154 0.0012 0.0007 0.0005 0.0395 0.0020 0.0216 0.0370 0.0077 0.0160 0.0073 0.0119 0.0112 0.0068 0.0398 
St Paul Place 0.0251 0.0043 0.0028 0.0165 0.1752 0.0056 0.1012 0.1811 0.0122 0.0431 0.0141 0.0268 0.0225 0.0142 0.1354 
Thornton St 0.0055 0.0010 0.0003 0.0001 0.0216 0.0021 0.0211 0.0384 0.0048 0.0174 0.0040 0.0081 0.0083 0.0047 0.0403 
Via Roma Dr 0.0185 0.0122 0.0035 0.0315 0.3253 0.0136 0.1918 0.3913 0.0566 0.1889 0.0916 0.1114 0.0753 0.0560 0.3816 
Benowa De Haviland Avenue 0.0509 0.0050 0.0034 0.0038 0.1224 0.0081 0.0115 0.1477 0.0131 0.0419 0.0302 0.0319 0.0006 0.0628 0.0807 
Mediterranean Drive 0.2002 0.0293 0.0188 0.0208 1.2015 0.1146 0.0968 1.1294 0.0500 0.2760 0.1251 0.0992 0.0275 0.0787 0.3388 
Strathaird Road 0.0537 0.0118 0.0025 0.0147 0.1480 0.0093 0.0142 0.2714 0.0197 0.0865 0.0550 0.1201 0.0294 0.0207 0.1374 
Village High Road 0.4086 0.0348 0.0141 0.0813 0.5395 0.0215 0.0520 0.7984 0.0695 0.2387 0.2105 0.1285 0.2719 0.2180 0.5039 
Nerang Hilldon Ct 0.1426 0.0479 0.0211 0.1195 1.0289 0.1406 0.4641 0.9207 0.1093 0.3498 0.1965 0.1727 0.1368 0.1180 0.5072 
Lawrence Dr 0.0338 0.0094 0.0040 0.0266 0.2380 0.0284 0.1074 0.2282 0.0192 0.0852 0.0278 0.0321 0.0244 0.0152 0.1310 
Patrick Rd 0.0417 0.0072 0.0037 0.0252 0.1737 0.0172 0.0602 0.1241 0.0163 0.0657 0.0276 0.0312 0.0228 0.0161 0.1305 
Stevens St 0.0291 0.0053 0.0024 0.0187 0.1338 0.0148 0.0689 0.1280 0.0235 0.0611 0.0343 0.0380 0.0251 0.0165 0.1228 
Clearview 
Estate 
Carine Court 0.1385 0.0110 0.0079 0.0419 0.2833 0.0058 0.0239 0.3785 0.0167 0.0721 0.0331 0.0287 0.0269 0.0199 0.1036 
Merloo Drive 0.0372 0.0084 0.0050 0.0288 0.2179 0.0000 0.0107 0.2482 0.0149 0.0683 0.0391 0.0343 0.0069 0.0147 0.1073 
Winchester Drive 0.0938 0.0147 0.0085 0.0504 0.4253 0.0065 0.0354 0.4917 0.0204 0.0817 0.0466 0.0484 0.0093 0.0194 0.1748 
Yarrimbah Drive 0.0309 0.0087 0.0026 0.0190 0.1714 0.0128 0.0090 0.2245 0.0216 0.1066 0.0594 0.0428 0.0355 0.0223 0.1523 
Advancetown  Latimers Crossing Rd 0.0958 0.0175 0.0167 0.1224 1.2084 0.1787 0.8198 1.4167 0.0388 0.1673 0.1095 0.0639 0.0639 0.0380 0.2517 
Nerang-
Murwillumbah Rd 
0.0482 0.0181 0.0080 0.0683 0.7216 0.1095 0.4563 0.8693 0.0392 0.1960 0.0965 0.0925 0.1005 0.0693 0.3558 
Parkway Dr 0.0881 0.0042 0.0069 0.0315 0.2972 0.0389 0.1239 0.2091 0.0042 0.0298 0.0217 0.0120 0.0135 0.0086 0.0679 
Tangara Rd 0.0213 0.0026 0.0028 0.0237 0.2654 0.0386 0.1626 0.2590 0.0082 0.0390 0.0093 0.0103 0.0145 0.0062 0.0543 
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Table A.5 PAH load [ppm] of build-up solids >150µm from the first sampling episode 
Suburbs Study Sites NAP  ACY ACE FLU PHE ANT FLA PYR BaA CHR BbF BaP IND DbA BgP 
Surfers 
Paradise 
Hobgen St 0.0157 0.0006 0.0002 0.0000 0.0098 0.0000 0.0089 0.0125 0.0102 0.0151 0.0139 0.0186 0.0160 0.0016 0.0307 
St Paul Place 0.0081 0.0014 0.0011 0.0084 0.0439 0.0000 0.0404 0.0608 0.0040 0.0173 0.0058 0.0086 0.0064 0.0043 0.0348 
Thornton St 0.0027 0.0010 0.0005 0.0026 0.0300 0.0019 0.0176 0.0320 0.0034 0.0156 0.0112 0.0054 0.0060 0.0033 0.0215 
Via Roma Dr 0.0000 0.0028 0.0006 0.0133 0.0938 0.0000 0.0783 0.1362 0.0255 0.0668 0.0335 0.0334 0.0229 0.0147 0.0861 
Benowa De Haviland Avenue 0.0395 0.0025 0.0025 0.0039 0.0635 0.0013 0.0049 0.0452 0.0056 0.0158 0.0109 0.0100 0.0239 0.0260 0.0246 
Mediterranean Drive 0.1127 0.0089 0.0074 0.0097 0.1879 0.0030 0.0118 0.1664 0.0195 0.0850 0.0272 0.0212 0.0225 0.0264 0.0485 
Strathaird Road 0.0214 0.0018 0.0013 0.0068 0.0332 0.0008 0.0016 0.0361 0.0065 0.0220 0.0188 0.0090 0.0079 0.0044 0.0194 
Village High Road 0.1512 0.0079 0.0076 0.0355 0.1519 0.0070 0.0148 0.1373 0.0077 0.0035 0.0140 0.0079 0.0130 0.0169 0.0316 
Nerang Hilldon Ct 0.0925 0.0222 0.0144 0.0670 0.4508 0.0598 0.2224 0.4655 0.0479 0.1464 0.0430 0.0763 0.0714 0.0425 0.2657 
Lawrence Dr 0.0174 0.0031 0.0019 0.0097 0.0817 0.0108 0.0452 0.0876 0.0069 0.0257 0.0067 0.0108 0.0071 0.0045 0.0377 
Patrick Rd 0.0360 0.0031 0.0042 0.0192 0.1535 0.0190 0.0573 0.0955 0.0094 0.0355 0.0066 0.0163 0.0105 0.0083 0.0549 
Stevens St 0.0175 0.0025 0.0029 0.0125 0.0972 0.0138 0.0458 0.0905 0.0068 0.0241 0.0094 0.0116 0.0075 0.0058 0.0389 
Clearview 
Estate 
Carine Court 0.1371 0.0107 0.0084 0.0388 0.1803 0.0061 0.0126 0.1759 0.0108 0.0037 0.0228 0.0139 0.0155 0.0110 0.0970 
Merloo Drive 0.0561 0.0040 0.0071 0.0343 0.2034 0.0011 0.0132 0.1973 0.0374 0.0257 0.0084 0.0120 0.0031 0.0006 0.0246 
Winchester Drive 0.0329 0.0022 0.0016 0.0227 0.0978 0.0112 0.0019 0.1438 0.0006 0.0037 0.0081 0.0016 0.0047 0.0090 0.0208 
Yarrimbah Drive 0.0045 0.0014 0.0008 0.0059 0.0424 0.0004 0.0030 0.0589 0.0047 0.0232 0.0132 0.0081 0.0028 0.0063 0.0275 
Advancetown Latimers Crossing Rd 0.0084 0.0046 0.0099 0.0563 0.4251 0.0525 0.1962 0.3110 0.0038 0.0433 0.0076 0.0190 0.0266 0.0167 0.0289 
Nerang-
Murwillumbah Rd 
0.0342 0.0090 0.0040 0.0302 0.2302 0.0352 0.1236 0.2965 0.1075 0.3588 0.0794 0.0864 0.0362 0.0432 0.1528 
Parkway Dr 0.0078 0.0005 0.0015 0.0124 0.0739 0.0076 0.0193 0.0440 0.0011 0.0189 0.0098 0.0031 0.0053 0.0035 0.0320 
Tangara Rd 0.0163 0.0012 0.0022 0.0107 0.0994 0.0091 0.0551 0.0976 0.0046 0.0358 0.0123 0.0129 0.0233 0.0117 0.0670 
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Table A.6 Volume fraction [%] of different size particles from the first sampling episode 
Suburbs Study Sites 0.46 
µm 
0.523 
µm 
0.594 
µm 
0.675 
µm 
0.767 
µm 
0.872 
µm 
0.991 
µm 
1.13 
µm 
1.28 
µm 
1.45 
µm 
1.65 
µm 
1.88 
µm 
2.13 
µm 
2.42 
µm 
2.75 
µm 
3.12 
µm 
3.55 
µm 
4.03 
µm 
4.58 
µm 
Surfers 
Paradise 
Hobgen St 0 0.07 0.24 0.44 0.6 0.65 0.61 0.5 0.4 0.33 0.32 0.33 0.34 0.35 0.36 0.4 0.45 0.51 0.59 
St Paul Place 0 0.02 0.19 0.35 0.48 0.52 0.49 0.4 0.32 0.26 0.24 0.25 0.25 0.26 0.27 0.3 0.35 0.41 0.48 
Thornton St 0 0.1 0.29 0.49 0.64 0.67 0.61 0.5 0.4 0.34 0.33 0.33 0.34 0.33 0.33 0.35 0.39 0.43 0.49 
Via Roma Dr 0 0.08 0.23 0.4 0.53 0.56 0.52 0.42 0.33 0.27 0.26 0.26 0.27 0.27 0.28 0.31 0.35 0.4 0.46 
Benowa De Haviland Avenue 0 0.05 0.2 0.35 0.46 0.49 0.45 0.37 0.28 0.24 0.22 0.23 0.24 0.26 0.28 0.32 0.37 0.42 0.48 
Mediterranean Drive 0 0.08 0.27 0.5 0.68 0.73 0.67 0.54 0.42 0.35 0.33 0.34 0.35 0.35 0.36 0.4 0.47 0.57 0.69 
Strathaird Road 0 0.07 0.26 0.48 0.66 0.72 0.67 0.56 0.44 0.38 0.36 0.37 0.39 0.4 0.42 0.47 0.54 0.64 0.76 
Village High Road 0 0 0.16 0.32 0.45 0.51 0.48 0.4 0.32 0.26 0.25 0.25 0.26 0.27 0.29 0.33 0.39 0.47 0.56 
Nerang Hilldon Ct 0 0.08 0.29 0.54 0.74 0.8 0.75 0.62 0.49 0.42 0.41 0.43 0.46 0.48 0.5 0.54 0.61 0.7 0.81 
Lawrence Dr 0 0.16 0.5 0.87 1.13 1.2 1.09 0.9 0.74 0.67 0.69 0.75 0.82 0.86 0.9 0.95 1 1.07 1.13 
Patrick Rd 0 0.08 0.26 0.47 0.62 0.66 0.61 0.49 0.39 0.32 0.3 0.31 0.32 0.32 0.33 0.35 0.4 0.46 0.53 
Stevens St 0 0 0.21 0.42 0.58 0.65 0.61 0.51 0.41 0.35 0.33 0.34 0.36 0.37 0.38 0.42 0.48 0.56 0.65 
Clearview 
Estate 
Carine Court 0 0 0.1 0.21 0.3 0.33 0.32 0.26 0.2 0.15 0.13 0.12 0.12 0.12 0.12 0.14 0.18 0.23 0.28 
Merloo Drive 0 0 0.14 0.29 0.41 0.46 0.44 0.37 0.29 0.24 0.21 0.21 0.21 0.21 0.21 0.24 0.29 0.36 0.45 
Winchester Drive 0 0 0.09 0.17 0.23 0.25 0.23 0.19 0.14 0.1 0.08 0.07 0.04 0 0 0.04 0.09 0.12 0.16 
Yarrimbah Drive 0 0.08 0.27 0.52 0.72 0.79 0.74 0.61 0.47 0.38 0.34 0.32 0.3 0.28 0.27 0.29 0.34 0.42 0.53 
Advancetown Latimers Crossing Rd 0 0.08 0.28 0.51 0.69 0.75 0.7 0.58 0.47 0.41 0.4 0.43 0.46 0.48 0.51 0.54 0.59 0.65 0.72 
Nerang-
Murwillumbah Rd 
0 0.19 0.57 0.98 1.28 1.35 1.24 1.03 0.85 0.76 0.76 0.81 0.87 0.9 0.93 0.99 1.06 1.14 1.23 
Parkway Dr 0 0.08 0.28 0.52 0.7 0.77 0.72 0.6 0.49 0.43 0.42 0.45 0.49 0.52 0.55 0.59 0.65 0.72 0.8 
Tangara Rd 0 0 0.19 0.37 0.52 0.57 0.54 0.45 0.36 0.31 0.3 0.32 0.35 0.37 0.4 0.43 0.48 0.54 0.6 
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Table A.6 Volume fraction [%] of different size particles from the first sampling episode 
Suburbs Study Sites 5.21 
µm 
5.92 
µm 
6.72 
µm 
7.64 
µm 
8.68 
µm 
9.86 
µm 
11.2 
µm 
12.7 
µm 
14.5 
µm 
16.4 
µm 
18.7 
µm 
21.2 
µm 
24.1 
µm 
27.4 
µm 
31.1 
µm 
35.3 
µm 
40.1 
µm 
45.6 
µm 
51.8 
µm 
Surfers 
Paradise 
Hobgen St 0.67 0.76 0.87 0.98 1.11 1.25 1.41 1.6 1.79 2 2.2 2.4 2.59 2.78 2.96 3.16 3.39 3.66 3.98 
St Paul Place 0.56 0.65 0.74 0.83 0.93 1.03 1.13 1.24 1.36 1.48 1.6 1.74 1.88 2.04 2.23 2.45 2.72 3.03 3.38 
Thornton St 0.55 0.6 0.67 0.73 0.79 0.86 0.94 1.02 1.11 1.2 1.3 1.39 1.49 1.61 1.75 1.93 2.15 2.43 2.76 
Via Roma Dr 0.53 0.6 0.67 0.75 0.83 0.91 0.99 1.08 1.18 1.27 1.37 1.48 1.6 1.73 1.91 2.12 2.39 2.72 3.11 
Benowa De Haviland Avenue 0.54 0.6 0.66 0.72 0.79 0.86 0.94 1.03 1.13 1.24 1.35 1.47 1.58 1.7 1.82 1.97 2.14 2.35 2.61 
Mediterranean Drive 0.84 0.99 1.15 1.31 1.45 1.57 1.68 1.78 1.87 1.96 2.05 2.17 2.32 2.5 2.71 2.96 3.24 3.52 3.8 
Strathaird Road 0.9 1.06 1.22 1.39 1.56 1.71 1.86 2 2.13 2.25 2.37 2.5 2.63 2.78 2.95 3.14 3.35 3.56 3.76 
Village High Road 0.67 0.8 0.93 1.08 1.24 1.39 1.55 1.72 1.89 2.06 2.26 2.47 2.72 3.01 3.32 3.66 4.01 4.33 4.59 
Nerang Hilldon Ct 0.95 1.1 1.26 1.42 1.59 1.74 1.9 2.07 2.24 2.44 2.67 2.93 3.22 3.54 3.87 4.19 4.48 4.69 4.8 
Lawrence Dr 1.19 1.23 1.26 1.27 1.27 1.25 1.23 1.21 1.21 1.23 1.28 1.37 1.51 1.71 1.96 2.27 2.61 2.98 3.33 
Patrick Rd 0.62 0.71 0.8 0.89 0.97 1.04 1.11 1.2 1.3 1.44 1.63 1.87 2.16 2.51 2.88 3.26 3.62 3.93 4.16 
Stevens St 0.76 0.88 1 1.13 1.26 1.4 1.54 1.68 1.84 2.01 2.2 2.41 2.65 2.92 3.23 3.56 3.9 4.24 4.55 
Clearview 
Estate 
Carine Court 0.35 0.43 0.51 0.62 0.74 0.88 1.05 1.23 1.42 1.62 1.82 2 2.18 2.36 2.54 2.75 3 3.28 3.61 
Merloo Drive 0.55 0.66 0.79 0.93 1.07 1.22 1.37 1.53 1.68 1.84 2 2.18 2.39 2.64 2.93 3.27 3.66 4.08 4.5 
Winchester Drive 0.21 0.26 0.31 0.38 0.45 0.54 0.66 0.79 0.94 1.11 1.3 1.51 1.76 2.06 2.42 2.86 3.39 4.01 4.68 
Yarrimbah Drive 0.67 0.85 1.08 1.37 1.7 2.07 2.47 2.88 3.26 3.6 3.86 4.03 4.11 4.12 4.08 4.02 3.96 3.92 3.9 
Advancetown Latimers Crossing Rd 0.8 0.88 0.98 1.09 1.22 1.36 1.54 1.73 1.94 2.16 2.38 2.58 2.76 2.91 3.05 3.16 3.27 3.38 3.48 
Nerang-
Murwillumbah Rd 
1.32 1.41 1.5 1.57 1.64 1.7 1.75 1.81 1.87 1.93 1.98 2.03 2.06 2.09 2.11 2.15 2.21 2.29 2.39 
Parkway Dr 0.89 0.98 1.07 1.15 1.24 1.32 1.41 1.51 1.6 1.69 1.77 1.84 1.91 1.98 2.07 2.17 2.33 2.53 2.78 
Tangara Rd 0.67 0.74 0.82 0.92 1.04 1.19 1.35 1.54 1.75 1.97 2.18 2.39 2.58 2.76 2.93 3.1 3.28 3.47 3.66 
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Table A.6 Volume fraction [%] of different size particles from the first sampling episode 
Suburbs Study Sites 58.9 
µm 
66.9 
µm 
76 
µm 
86.4 
µm 
98.1 
µm 
111 
µm 
127 
µm 
144 
µm 
163 
µm 
186 
µm 
211 
µm 
240 
µm 
272 
µm 
310 
µm 
352 
µm 
400 
µm 
454 
µm 
516 
µm 
586 
µm 
Surfers 
Paradise 
Hobgen St 4.35 4.73 5.1 5.38 5.49 5.36 4.95 4.25 3.35 2.36 1.37 0.75 0.45 0.34 0.31 0.34 0.39 0.43 0.46 
St Paul Place 3.74 4.11 4.43 4.68 4.82 4.82 4.69 4.41 4.02 3.57 3.08 2.62 2.21 1.88 1.64 1.48 1.36 1.26 1.14 
Thornton St 3.13 3.52 3.92 4.29 4.59 4.81 4.9 4.87 4.72 4.45 4.09 3.69 3.27 2.87 2.5 2.16 1.83 1.49 1.11 
Via Roma Dr 3.52 3.95 4.34 4.66 4.87 4.92 4.8 4.51 4.08 3.56 3.01 2.49 2.05 1.73 1.53 1.43 1.39 1.37 1.31 
Benowa De Haviland Avenue 2.91 3.26 3.63 4.01 4.37 4.67 4.88 4.96 4.88 4.64 4.25 3.74 3.15 2.57 2.03 1.6 1.29 1.11 1 
Mediterranean Drive 4.04 4.24 4.38 4.45 4.43 4.34 4.15 3.88 3.54 3.13 2.68 2.21 1.75 1.34 0.99 0.72 0.53 0.4 0.31 
Strathaird Road 3.94 4.07 4.14 4.13 4.04 3.84 3.56 3.21 2.82 2.41 2.02 1.68 1.39 1.17 1.02 0.92 0.86 0.81 0.73 
Village High Road 4.77 4.84 4.77 4.57 4.26 3.85 3.39 2.91 2.45 2.04 1.68 1.4 1.18 1.03 0.94 0.9 0.89 0.89 0.87 
Nerang Hilldon Ct 4.78 4.62 4.33 3.94 3.48 3 2.54 2.11 1.75 1.45 1.2 1.02 0.9 0.82 0.75 0.69 0.61 0.5 0.37 
Lawrence Dr 3.64 3.88 4.03 4.1 4.09 4.03 3.93 3.82 3.69 3.53 3.32 3.03 2.63 2.14 1.59 1.05 0.57 0.14 0 
Patrick Rd 4.29 4.34 4.31 4.24 4.14 4.03 3.94 3.85 3.76 3.64 3.45 3.17 2.79 2.32 1.79 1.26 0.78 0.37 0.15 
Stevens St 4.78 4.9 4.9 4.75 4.46 4.05 3.56 3.04 2.53 2.08 1.71 1.43 1.23 1.09 0.97 0.87 0.77 0.65 0.51 
Clearview 
Estate 
Carine Court 3.97 4.34 4.7 5 5.2 5.29 5.23 5.01 4.66 4.18 3.62 3.02 2.42 1.87 1.4 1.03 0.76 0.59 0.49 
Merloo Drive 4.88 5.18 5.37 5.41 5.29 5.02 4.6 4.09 3.51 2.92 2.35 1.83 1.39 1.03 0.76 0.57 0.44 0.34 0.26 
Winchester Drive 5.37 6 6.51 6.82 6.88 6.66 6.17 5.46 4.62 3.73 2.88 2.13 1.52 1.05 0.73 0.51 0.38 0.3 0.24 
Yarrimbah Drive 3.9 3.89 3.85 3.75 3.57 3.31 2.96 2.54 2.1 1.65 1.24 0.88 0.58 0.36 0.21 0.12 0.08 0.07 0.09 
Advancetown Latimers Crossing Rd 3.57 3.65 3.7 3.71 3.67 3.57 3.4 3.18 2.91 2.6 2.28 1.97 1.68 1.43 1.24 1.11 1.03 0.98 0.93 
Nerang-
Murwillumbah Rd 
2.5 2.6 2.68 2.74 2.75 2.71 2.62 2.5 2.34 2.16 1.98 1.81 1.65 1.53 1.45 1.41 1.4 1.39 1.37 
Parkway Dr 3.08 3.41 3.74 4.04 4.28 4.42 4.42 4.3 4.05 3.69 3.27 2.81 2.36 1.94 1.58 1.3 1.08 0.91 0.78 
Tangara Rd 3.85 4.01 4.14 4.21 4.22 4.15 4 3.78 3.51 3.21 2.87 2.52 2.17 1.82 1.49 1.2 0.95 0.74 0.57 
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Table A.6 Volume fraction [%] of different size particles from the first sampling episode 
Suburbs Study Sites 666 
µm 
756 
µm 
859 
µm 
976 
µm 
1110 
µm 
1260 
µm 
1430 
µm 
1630 
µm 
1850 
µm 
2100 
µm 
2390 
µm 
2710 
µm 
3080 
µm 
Surfers 
Paradise 
Hobgen St 0.48 0.49 0.46 0.39 0.37 0.3 0.2 0.11 0.01 0 0 0 0 
St Paul Place 0.97 0.79 0.62 0.43 0.24 0.13 0.01 0 0 0 0 0 0 
Thornton St 0.7 0.35 0.08 0 0 0 0 0 0 0 0 0 0 
Via Roma Dr 1.19 1.03 0.84 0.65 0.51 0.51 0.5 0.48 0.43 0.36 0.28 0.19 0.1 
Benowa De Haviland Avenue 0.94 0.88 0.79 0.69 0.56 0.46 0.37 0.31 0.27 0.23 0.18 0.12 0.06 
Mediterranean Drive 0.23 0.15 0.07 0.02 0 0 0 0 0 0 0 0 0 
Strathaird Road 0.62 0.46 0.3 0.13 0.03 0 0 0 0 0 0 0 0 
Village High Road 0.81 0.7 0.55 0.37 0.2 0.06 0 0 0 0 0 0 0 
Nerang Hilldon Ct 0.23 0.1 0.02 0 0 0 0 0 0 0 0 0 0 
Lawrence Dr 0 0 0 0 0 0 0 0 0 0 0 0 0 
Patrick Rd 0.04 0 0 0 0 0 0 0 0 0 0 0 0 
Stevens St 0.37 0.23 0.15 0.09 0.05 0.03 0 0 0 0 0 0 0 
Clearview 
Estate 
Carine Court 0.42 0.35 0.28 0.22 0.14 0.08 0.03 0 0 0 0 0 0 
Merloo Drive 0.19 0.11 0.07 0.04 0.02 0 0 0 0 0 0 0 0 
Winchester Drive 0.19 0.13 0.06 0.03 0 0 0 0 0 0 0 0 0 
Yarrimbah Drive 0.1 0.12 0.13 0.13 0.13 0.12 0.11 0.1 0.09 0.08 0.06 0.04 0.02 
Advancetown Latimers Crossing Rd 0.87 0.77 0.64 0.49 0.34 0.21 0.11 0.02 0 0 0 0 0 
Nerang-Murwillumbah Rd 1.3 1.19 1.04 0.87 0.74 0.6 0.46 0.4 0.34 0.27 0.21 0.14 0.07 
Parkway Dr 0.65 0.53 0.41 0.3 0.22 0.16 0.11 0.08 0.05 0.03 0 0 0 
Tangara Rd 0.43 0.31 0.2 0.13 0.06 0.04 0 0 0 0 0 0 0 
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Table A.7 pH, EC [μS/cm], solids and OC[ppm] of build-up solids from the second sampling episode 
Suburbs Study Sites pH EC Mass fraction of 
solids <150µm 
Mass fraction of 
solids >150µm 
OC on solids 
<150µm 
OC on solids 
>150µm 
Surfers Paradise Hobgen St 6.40 296 46.90% 53.10% 132664.61 112970.37 
St Paul Place 6.41 244.6 49.95% 50.05% 146508.03 65758.45 
Thornton St 6.44 279 43.39% 56.61% 86190.78 52491.59 
Via Roma Dr 6.43 335 69.41% 30.59% 229719.02 166812.86 
Benowa De Haviland Avenue 6.68 47.2 34.33% 65.67% 59320.02 84006.01 
Mediterranean Drive 6.94 75.6 19.38% 80.62% 42869.16 17154.89 
Strathaird Road 6.67 74.6 76.30% 23.70% 137645.14 49739.52 
Village High Road 5.77 60.9 44.68% 55.32% 137645.82 214946.73 
Nerang Hilldon Ct 6.05 42.4 76.63% 23.37% 200983.58 78788.32 
Lawrence Dr 6.29 54 49.66% 50.34% 101156.57 18713.94 
Patrick Rd 6.92 208.1 42.78% 57.22% 28136.00 12286.55 
Stevens St 6.44 59.9 89.49% 10.51% 105646.18 82023.45 
Clearview Estate Carine Court 6.07 27.9 29.45% 70.55% 81302.82 46614.58 
Merloo Drive 6.65 36.8 52.18% 47.82% 144066.42 54817.36 
Winchester Drive 6.09 22.83 78.46% 21.54% 262165.00 140245.77 
Yarrimbah Drive 6.54 118.3 60.38% 39.62% 145472.00 248534.72 
Advancetown Latimers Crossing Rd 5.86 25.7 79.37% 20.63% 193606.67 214964.20 
Nerang-Murwillumbah Rd 6.14 34.2 62.78% 37.22% 145599.29 197145.74 
Parkway Dr 5.92 27.2 17.33% 82.67% 33108.75 27308.34 
Tangara Rd 6.89 26 18.50% 81.50% 11902.21 5945.31 
 
 Appendices 267 
Table A.8 HM load [ppm] of build-up solids <150µm from the second sampling episode 
Suburbs Study Sites Al Cr Mn Fe Ni Cu Zn Cd Pb 
Surfers 
Paradise 
Hobgen St 5574.72 13.41 229.42 10591.61 10.94 81.80 455.16 0.15 22.78 
St Paul Place 5429.02 17.44 199.88 12112.89 10.98 160.46 497.42 0.22 35.02 
Thornton St 3982.32 12.34 165.94 8535.73 7.44 203.12 332.81 0.13 69.26 
Via Roma Dr 6808.10 22.63 387.60 15906.13 20.69 323.04 1044.17 0.49 49.70 
Benowa De Haviland Avenue 3222.77 7.54 91.36 6136.66 5.97 51.03 164.88 0.00 34.17 
Mediterranean Drive 2430.72 4.13 72.36 3814.43 3.28 27.21 140.82 0.00 10.41 
Strathaird Road 13462.85 63.47 512.29 34618.63 45.17 1720.80 2155.20 0.09 269.08 
Village High Road 4335.97 9.49 129.63 6871.87 10.74 84.79 213.49 0.00 96.56 
Nerang Hilldon Ct 8825.88 38.04 397.70 24398.23 41.12 540.79 1266.13 0.04 187.39 
Lawrence Dr 5057.93 15.66 226.31 10122.20 13.16 161.72 794.42 0.03 62.78 
Patrick Rd 2110.00 8.13 158.27 7817.95 7.55 113.73 277.27 0.01 56.43 
Stevens St 6379.80 17.56 355.97 22964.69 23.85 276.61 832.26 0.04 145.62 
Clearview 
Estate 
Carine Court 4479.08 7.01 153.82 7000.99 4.92 76.89 334.06 0.01 24.78 
Merloo Drive 6848.32 13.74 370.81 14610.76 20.01 76.99 347.37 0.00 47.01 
Winchester Drive 9638.22 14.76 364.66 15800.55 11.37 141.36 767.43 0.00 93.50 
Yarrimbah Drive 4533.98 6.56 190.21 7165.67 2.44 51.54 268.47 0.57 135.23 
Advancetown Latimers Crossing Rd 10107.87 17.60 283.69 16186.34 7.11 150.17 416.63 0.66 104.33 
Nerang-Murwillumbah Rd 8766.34 23.31 586.36 14542.58 14.31 121.74 426.38 0.62 106.76 
Parkway Dr 1599.45 2.34 46.00 2923.17 0.53 8.94 217.69 0.05 54.44 
Tangara Rd 1053.31 1.54 33.51 2069.42 0.46 4.93 12.14 0.26 3.10 
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Table A.9 HM load [ppm] of build-up solids >150µm from the second sampling episode 
Suburbs Study Sites Al Cr Mn Fe Ni Cu Zn Cd Pb 
Surfers 
Paradise 
Hobgen St 6972.24 15.66 244.57 16670.55 8.67 57.16 289.99 0.08 29.14 
St Paul Place 9887.05 17.05 349.83 23452.84 10.00 87.08 339.66 0.18 53.25 
Thornton St 23294.62 41.27 901.98 55144.73 23.33 256.96 578.46 0.21 154.27 
Via Roma Dr 26939.31 82.27 1135.03 75855.47 38.45 187.48 830.78 0.35 64.62 
Benowa De Haviland Avenue 8339.09 12.19 277.85 23106.94 10.01 57.88 256.88 0.01 47.14 
Mediterranean Drive 4258.27 10.46 133.60 8826.00 5.14 17.19 108.17 0.00 9.60 
Strathaird Road 16711.30 83.70 660.90 53125.52 43.20 2523.77 1286.85 0.05 241.32 
Village High Road 8172.43 17.10 290.50 18983.05 19.89 116.20 275.97 0.00 112.29 
Nerang Hilldon Ct 11706.17 46.63 469.76 40778.46 341.08 698.01 1036.78 0.03 529.79 
Lawrence Dr 5770.66 24.95 255.83 16707.00 16.20 145.30 403.42 0.01 78.32 
Patrick Rd 3246.81 20.68 214.86 13268.93 10.31 167.17 402.17 0.02 83.85 
Stevens St 7597.32 18.85 378.62 25891.77 61.26 198.63 827.45 0.04 113.69 
Clearview 
Estate 
Carine Court 5217.81 8.16 215.09 11575.59 5.71 50.40 215.38 0.00 22.62 
Merloo Drive 3993.86 9.37 319.10 13454.74 6.07 122.40 170.09 0.00 63.89 
Winchester Drive 3446.65 0.54 217.49 7482.66 0.00 32.88 257.46 0.30 64.44 
Yarrimbah Drive 4917.44 8.05 228.32 9243.16 0.00 38.15 208.65 0.25 114.18 
Advancetown Latimers Crossing Rd 19922.42 53.75 638.40 67405.74 37.61 192.26 326.58 0.35 81.74 
Nerang-Murwillumbah Rd 49483.96 199.27 2352.62 125738.43 76.34 193.58 1527.53 0.59 382.05 
Parkway Dr 8668.44 12.58 345.67 23380.99 7.75 23.78 117.47 0.12 29.40 
Tangara Rd 3741.91 5.90 179.94 9612.44 4.22 12.17 44.44 0.11 11.14 
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Table A.10 PAH load [ppm] of build-up solids <150µm from the second sampling episode 
Suburbs Study Sites NAP  ACY ACE FLU PHE ANT FLA PYR BaA CHR BbF BaP IND DbA BgP 
Surfers 
Paradise 
Hobgen St 0.0978 0.0214 0.0071 0.0002 0.2629 0.0316 0.0121 0.3302 0.0354 0.1370 0.0962 0.0785 0.0487 0.0332 0.2733 
St Paul Place 0.0655 0.0245 0.0025 0.0205 0.2722 0.0382 0.0211 0.4883 0.0450 0.1801 0.1056 0.1121 0.0746 0.0473 0.4063 
Thornton St 0.0451 0.0128 0.0025 0.0123 0.1437 0.0160 0.0061 0.2230 0.0308 0.1416 0.0900 0.1935 0.0411 0.0241 0.1676 
Via Roma Dr 0.1210 0.0390 0.0057 0.0337 0.4365 0.0551 0.0315 0.8780 0.1027 0.4245 0.1824 0.5956 0.1138 0.0086 0.5446 
Benowa De Haviland Avenue 0.0546 0.0060 0.0032 0.0191 0.1066 0.0126 0.0677 0.1517 0.0121 0.0332 0.0291 0.0268 0.0446 0.0238 0.1964 
Mediterranean Drive 0.0264 0.0045 0.0021 0.0116 0.0779 0.0088 0.0590 0.1315 0.0122 0.0446 0.0276 0.0269 0.0354 0.0188 0.1661 
Strathaird Road 0.1274 0.0504 0.0055 0.0216 0.2995 0.0364 0.4271 0.7548 0.1142 0.3353 0.2167 0.2501 0.3170 0.1548 0.0016 
Village High Road 0.0249 0.0064 0.0009 0.0076 0.1067 0.0201 0.1122 0.2219 0.0216 0.0541 0.0334 0.0492 0.0681 0.0304 0.0003 
Nerang Hilldon Ct 0.1072 0.0405 0.0052 0.0268 0.3448 0.0412 0.3559 0.7376 0.0863 0.2758 0.2196 0.2023 0.2575 0.1310 1.3415 
Lawrence Dr 0.0501 0.0235 0.0013 0.0112 0.1513 0.0201 0.2173 0.4298 0.0608 0.1759 0.0920 0.1253 0.1353 0.0705 0.6561 
Patrick Rd 0.0256 0.0034 0.0010 0.0036 0.0314 0.0068 0.0279 0.0585 0.0073 0.0300 0.0204 0.0171 0.0005 0.0116 0.0940 
Stevens St 0.0538 0.0142 0.0031 0.0171 0.1382 0.0160 0.1188 0.2267 0.0384 0.1264 0.1073 0.0828 0.1021 0.0529 0.3880 
Clearview 
Estate 
Carine Court 0.1130 0.0300 0.0055 0.0342 0.2186 0.0221 0.1804 0.3947 0.0200 0.0553 0.0484 0.0579 0.0694 0.0275 0.4146 
Merloo Drive 0.0923 0.0141 0.0062 0.0491 0.2861 0.0295 0.1792 0.3996 0.0266 0.0786 0.0570 0.0628 0.0678 0.0370 0.3597 
Winchester Drive 0.1723 0.0631 0.0092 0.0600 0.6031 0.0723 0.6662 1.3708 0.0892 0.2277 0.1769 0.1908 0.2538 0.1108 1.2092 
Yarrimbah Drive 0.0630 0.0390 0.0300 0.0599 0.1928 0.0614 0.1739 0.3000 0.0771 0.1253 0.1202 0.1144 0.1515 0.1126 0.3735 
Advancetown  Latimers Crossing Rd 0.1646 0.0699 0.0626 0.1437 0.6524 0.1393 0.4684 0.7408 0.1243 0.1845 0.1903 0.1607 0.2282 0.1694 0.4121 
Nerang-
Murwillumbah Rd 
0.1317 0.0698 0.0533 0.1239 0.5091 0.1262 0.4398 0.7576 0.1139 0.1939 0.1734 0.1602 0.2235 0.1670 0.4426 
Parkway Dr 0.0220 0.0018 0.0015 0.0086 0.0565 0.0056 0.0342 0.0678 0.0018 0.0148 0.0101 0.0053 0.0094 0.0047 0.0481 
Tangara Rd 0.0289 0.0004 0.0011 0.0038 0.0167 0.0015 0.0110 0.0199 0.0005 0.0025 0.0028 0.0011 0.0027 0.0007 0.0067 
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Table A.11 PAH load [ppm] of build-up solids >150µm from the second sampling episode 
Suburbs Study Sites NAP  ACY ACE FLU PHE ANT FLA PYR BaA CHR BbF BaP IND DbA BgP 
Surfers 
Paradise 
Hobgen St 0.0321 0.0078 0.0030 0.0155 0.1311 0.0168 0.0097 0.1598 0.0109 0.0448 0.0222 0.0250 0.0062 0.0106 0.0864 
St Paul Place 0.0218 0.0087 0.0013 0.0051 0.0773 0.0148 0.0025 0.2021 0.0129 0.0669 0.0353 0.0357 0.0076 0.0165 0.1202 
Thornton St 0.0193 0.0029 0.0014 0.0049 0.0543 0.0066 0.0031 0.0874 0.0106 0.0521 0.0257 0.0608 0.0102 0.0084 0.0248 
Via Roma Dr 0.0423 0.0094 0.0025 0.0155 0.1600 0.0241 0.0122 0.3038 0.0249 0.1174 0.0442 0.0468 0.0122 0.0170 0.1294 
Benowa De Haviland Avenue 0.0728 0.0072 0.0060 0.0262 0.1361 0.0150 0.0769 0.1517 0.0106 0.0343 0.0282 0.0288 0.0442 0.0190 0.1607 
Mediterranean Drive 0.0691 0.0045 0.0041 0.0146 0.0724 0.0078 0.0436 0.0963 0.0088 0.0317 0.0180 0.0157 0.0215 0.0136 0.0002 
Strathaird Road 0.0784 0.0162 0.0044 0.0230 0.2414 0.0342 0.2877 0.4216 0.0841 0.1600 0.1279 0.1326 0.1874 0.0603 0.4479 
Village High Road 0.2134 0.0383 0.0094 0.0116 0.1772 0.0362 0.0015 0.3116 0.0872 0.1623 0.1584 0.1283 0.2198 0.0924 0.7173 
Nerang Hilldon Ct 0.0183 0.0069 0.0000 0.0000 0.0337 0.0033 0.0500 0.1258 0.0118 0.0539 0.0356 0.0337 0.0526 0.0196 0.3212 
Lawrence Dr 0.0201 0.0104 0.0003 0.0022 0.0389 0.0052 0.0647 0.1573 0.0176 0.0600 0.0332 0.0347 0.0389 0.0194 0.2018 
Patrick Rd 0.0054 0.0006 0.0002 0.0004 0.0048 0.0006 0.0052 0.0127 0.0020 0.0076 0.0050 0.0043 0.0057 0.0032 0.0219 
Stevens St 0.0277 0.0035 0.0019 0.0052 0.0402 0.0069 0.0307 0.0637 0.0132 0.0423 0.0353 0.0240 0.0289 0.0121 0.1018 
Clearview 
Estate 
Carine Court 0.0534 0.0188 0.0020 0.0109 0.0660 0.0069 0.0743 0.1868 0.0087 0.0229 0.0192 0.0277 0.0289 0.0138 0.2160 
Merloo Drive 0.0191 0.0012 0.0012 0.0116 0.0678 0.0071 0.0524 0.1060 0.0062 0.0141 0.0033 0.0017 0.0104 0.0000 0.0370 
Winchester Drive 0.0008 0.0046 0.0000 0.0000 0.0815 0.0077 0.1246 0.2454 0.0331 0.0162 0.0008 0.0000 0.0046 0.0000 0.0846 
Yarrimbah Drive 0.0284 0.0020 0.0029 0.0098 0.0683 0.0085 0.0350 0.0768 0.0068 0.0302 0.0285 0.0208 0.0284 0.0108 0.0581 
Advancetown Latimers Crossing Rd 0.0369 0.0019 0.0063 0.0277 0.2995 0.0466 0.2670 0.3481 0.0131 0.0709 0.0738 0.0175 0.0456 0.0146 0.0840 
Nerang-
Murwillumbah Rd 
0.2185 0.0179 0.0202 0.0898 0.4847 0.0480 0.3372 0.6384 0.0301 0.1310 0.0764 0.0500 0.1205 0.0963 0.3185 
Parkway Dr 0.0149 0.0013 0.0007 0.0034 0.0177 0.0020 0.0071 0.0136 0.0010 0.0119 0.0078 0.0025 0.0058 0.0029 0.0294 
Tangara Rd 0.0050 0.0002 0.0003 0.0004 0.0051 0.0003 0.0027 0.0039 0.0001 0.0018 0.0041 0.0012 0.0057 0.0016 0.0093 
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Table A.12 Volume fraction [%] of different size particles from the second sampling episode 
Suburbs Study Sites 0.46 
µm 
0.523 
µm 
0.594 
µm 
0.675 
µm 
0.767 
µm 
0.872 
µm 
0.991 
µm 
1.13 
µm 
1.28 
µm 
1.45 
µm 
1.65 
µm 
1.88 
µm 
2.13 
µm 
2.42 
µm 
2.75 
µm 
3.12 
µm 
3.55 
µm 
4.03 
µm 
4.58 
µm 
Surfers 
Paradise 
Hobgen St 0 0 0.12 0.24 0.34 0.38 0.36 0.29 0.22 0.17 0.14 0.14 0.13 0.12 0.12 0.13 0.15 0.19 0.22 
St Paul Place 0 0 0.1 0.2 0.27 0.3 0.28 0.23 0.17 0.13 0.1 0.09 0.08 0.07 0.07 0.08 0.1 0.13 0.16 
Thornton St 0 0.06 0.2 0.37 0.49 0.53 0.49 0.4 0.31 0.25 0.23 0.22 0.21 0.19 0.19 0.2 0.23 0.28 0.35 
Via Roma Dr 0 0 0.12 0.23 0.32 0.35 0.33 0.26 0.2 0.15 0.13 0.12 0.12 0.11 0.11 0.13 0.15 0.19 0.22 
Benowa De Haviland Avenue 0 0 0.12 0.24 0.34 0.38 0.36 0.29 0.22 0.17 0.14 0.14 0.13 0.12 0.12 0.13 0.15 0.19 0.22 
Mediterranean Drive 0 0 0 0 0 0.21 0.57 0.87 0.99 0.95 0.85 0.77 0.72 0.7 0.71 0.75 0.84 0.97 1.11 
Strathaird Road 0 0 0 0 0 0.2 0.54 0.82 0.92 0.87 0.76 0.67 0.62 0.59 0.58 0.61 0.68 0.79 0.92 
Village High Road 0 0 0.15 0.29 0.42 0.47 0.44 0.37 0.29 0.23 0.22 0.22 0.23 0.23 0.25 0.28 0.33 0.39 0.47 
Nerang Hilldon Ct 0 0 0 0 0 0.18 0.48 0.75 0.85 0.82 0.73 0.65 0.6 0.57 0.55 0.58 0.64 0.73 0.84 
Lawrence Dr 0 0 0 0 0 0.17 0.45 0.68 0.77 0.73 0.64 0.57 0.52 0.49 0.48 0.5 0.55 0.62 0.71 
Patrick Rd 0 0 0 0 0 0.26 0.66 1 1.12 1.06 0.92 0.81 0.73 0.68 0.65 0.67 0.74 0.84 0.97 
Stevens St 0 0 0 0 0 0.19 0.52 0.8 0.91 0.87 0.77 0.69 0.64 0.6 0.59 0.62 0.69 0.78 0.9 
Clearview 
Estate 
Carine Court 0 0 0 0 0 0.16 0.39 0.58 0.63 0.58 0.49 0.42 0.37 0.34 0.33 0.35 0.39 0.46 0.55 
Merloo Drive 0 0 0 0 0 0.14 0.35 0.51 0.56 0.52 0.43 0.36 0.32 0.29 0.28 0.3 0.34 0.39 0.46 
Winchester Drive 0 0 0 0 0 0 0 0 0 0.01 0.62 1.34 2.05 2.16 2.19 2.17 2.14 2.11 2.08 
Yarrimbah Drive 0 0 0 0 0 0.12 0.29 0.42 0.46 0.42 0.35 0.3 0.27 0.25 0.25 0.26 0.3 0.35 0.41 
Advancetown Latimers Crossing Rd 0 0 0 0 0 0.31 0.84 1.3 1.51 1.48 1.36 1.26 1.21 1.18 1.19 1.25 1.36 1.5 1.66 
Nerang-
Murwillumbah Rd 
0 0 0 0 0 0.08 0.23 0.33 0.36 0.32 0.27 0.22 0.2 0.18 0.17 0.18 0.21 0.24 0.29 
Parkway Dr 0 0 0 0 0 0.18 0.48 0.75 0.86 0.84 0.77 0.72 0.69 0.68 0.69 0.72 0.78 0.86 0.94 
Tangara Rd 0 0 0 0 0 0.35 0.94 1.44 1.67 1.63 1.5 1.39 1.33 1.3 1.3 1.35 1.45 1.59 1.75 
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Table A.12 Volume fraction [%] of different size particles from the second sampling episode 
Suburbs Study Sites 5.21 
µm 
5.92 
µm 
6.72 
µm 
7.64 
µm 
8.68 
µm 
9.86 
µm 
11.2 
µm 
12.7 
µm 
14.5 
µm 
16.4 
µm 
18.7 
µm 
21.2 
µm 
24.1 
µm 
27.4 
µm 
31.1 
µm 
35.3 
µm 
40.1 
µm 
45.6 
µm 
51.8 
µm 
Surfers 
Paradise 
Hobgen St 0.26 0.32 0.38 0.48 0.6 0.78 1.01 1.3 1.64 2.02 2.42 2.81 3.18 3.51 3.8 4.05 4.25 4.41 4.53 
St Paul Place 0.2 0.24 0.29 0.35 0.44 0.55 0.71 0.92 1.19 1.52 1.89 2.31 2.75 3.19 3.6 3.98 4.31 4.56 4.75 
Thornton St 0.43 0.54 0.68 0.85 1.06 1.3 1.57 1.85 2.12 2.36 2.56 2.71 2.82 2.88 2.93 2.99 3.07 3.2 3.36 
Via Roma Dr 0.26 0.3 0.35 0.42 0.53 0.69 0.92 1.22 1.61 2.08 2.59 3.13 3.65 4.1 4.48 4.74 4.89 4.93 4.87 
Benowa De Haviland Avenue 0.26 0.32 0.38 0.48 0.6 0.78 1.01 1.3 1.64 2.02 2.42 2.81 3.18 3.51 3.8 4.05 4.25 4.41 4.53 
Mediterranean Drive 1.28 1.43 1.57 1.7 1.8 1.9 1.98 2.06 2.13 2.2 2.26 2.32 2.38 2.45 2.54 2.67 2.84 3.05 3.29 
Strathaird Road 1.06 1.21 1.36 1.5 1.64 1.79 1.96 2.14 2.33 2.54 2.74 2.95 3.14 3.31 3.48 3.64 3.79 3.92 4.03 
Village High Road 0.56 0.67 0.79 0.94 1.09 1.26 1.45 1.64 1.85 2.07 2.31 2.56 2.84 3.13 3.45 3.78 4.11 4.41 4.65 
Nerang Hilldon Ct 0.97 1.09 1.21 1.32 1.43 1.54 1.67 1.83 2.02 2.24 2.49 2.78 3.09 3.42 3.76 4.09 4.39 4.63 4.78 
Lawrence Dr 0.8 0.89 0.97 1.04 1.11 1.19 1.3 1.43 1.59 1.77 1.99 2.21 2.45 2.69 2.94 3.19 3.45 3.72 3.98 
Patrick Rd 1.11 1.24 1.35 1.45 1.54 1.62 1.73 1.86 2.02 2.23 2.48 2.75 3.03 3.31 3.56 3.76 3.9 3.97 3.97 
Stevens St 1.03 1.15 1.25 1.35 1.43 1.52 1.63 1.76 1.92 2.12 2.37 2.66 2.99 3.37 3.77 4.17 4.56 4.9 5.15 
Clearview 
Estate 
Carine Court 0.64 0.74 0.82 0.9 0.97 1.05 1.13 1.21 1.31 1.42 1.54 1.66 1.79 1.92 2.06 2.23 2.43 2.67 2.97 
Merloo Drive 0.54 0.62 0.7 0.78 0.86 0.95 1.06 1.18 1.32 1.48 1.65 1.84 2.05 2.27 2.51 2.78 3.06 3.36 3.66 
Winchester Drive 2.06 2.07 2.11 2.21 2.36 2.56 2.8 3.06 3.32 3.56 3.74 3.86 3.9 3.87 3.79 3.66 3.51 3.34 3.18 
Yarrimbah Drive 0.47 0.53 0.58 0.63 0.68 0.75 0.83 0.94 1.06 1.21 1.37 1.54 1.7 1.85 1.98 2.1 2.21 2.31 2.42 
Advancetown Latimers Crossing Rd 1.82 1.95 2.05 2.13 2.2 2.28 2.39 2.53 2.71 2.93 3.16 3.37 3.55 3.68 3.76 3.79 3.79 3.77 3.74 
Nerang-
Murwillumbah Rd 
0.33 0.38 0.41 0.45 0.49 0.54 0.6 0.68 0.78 0.9 1.03 1.18 1.33 1.48 1.62 1.75 1.85 1.93 1.99 
Parkway Dr 1.03 1.1 1.16 1.2 1.25 1.3 1.37 1.45 1.56 1.67 1.79 1.92 2.05 2.19 2.36 2.56 2.81 3.1 3.42 
Tangara Rd 1.91 2.04 2.14 2.21 2.26 2.29 2.34 2.4 2.47 2.58 2.72 2.9 3.13 3.39 3.69 3.99 4.27 4.47 4.55 
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Table A.12 Volume fraction [%] of different size particles from the second sampling episode 
Suburbs Study Sites 58.9 
µm 
66.9 
µm 
76 
µm 
86.4 
µm 
98.1 
µm 
111 
µm 
127 
µm 
144 
µm 
163 
µm 
186 
µm 
211 
µm 
240 
µm 
272 
µm 
310 
µm 
352 
µm 
400 
µm 
454 
µm 
516 
µm 
586 
µm 
Surfers 
Paradise 
Hobgen St 4.6 4.61 4.55 4.4 4.17 3.86 3.5 3.11 2.72 2.37 2.07 1.84 1.67 1.56 1.48 1.43 1.38 1.31 1.19 
St Paul Place 4.86 4.89 4.86 4.75 4.57 4.32 4.01 3.65 3.25 2.84 2.43 2.05 1.71 1.44 1.23 1.09 1.01 0.97 0.96 
Thornton St 3.56 3.76 3.93 4.06 4.11 4.06 3.89 3.62 3.27 2.86 2.43 2.01 1.63 1.33 1.1 0.96 0.9 0.89 0.92 
Via Roma Dr 4.75 4.58 4.38 4.15 3.9 3.62 3.32 2.99 2.65 2.31 1.98 1.68 1.42 1.2 1.03 0.9 0.81 0.74 0.68 
Benowa De Haviland Avenue 4.6 4.61 4.55 4.4 4.17 3.86 3.5 3.11 2.72 2.37 2.07 1.84 1.67 1.56 1.48 1.43 1.38 1.31 1.19 
Mediterranean Drive 3.54 3.79 4 4.15 4.19 4.12 3.92 3.61 3.21 2.76 2.3 1.86 1.47 1.15 0.89 0.68 0.52 0.39 0.28 
Strathaird Road 4.08 4.08 4 3.82 3.55 3.2 2.79 2.35 1.93 1.57 1.29 1.09 0.96 0.89 0.85 0.83 0.82 0.79 0.74 
Village High Road 4.81 4.85 4.76 4.55 4.22 3.81 3.34 2.87 2.43 2.04 1.72 1.46 1.28 1.15 1.07 1.01 0.95 0.88 0.79 
Nerang Hilldon Ct 4.84 4.76 4.56 4.23 3.79 3.26 2.68 2.1 1.56 1.12 0.79 0.58 0.49 0.48 0.53 0.6 0.67 0.72 0.72 
Lawrence Dr 4.24 4.45 4.6 4.65 4.57 4.34 3.94 3.43 2.86 2.29 1.77 1.35 1.04 0.84 0.71 0.64 0.6 0.55 0.51 
Patrick Rd 3.92 3.81 3.67 3.5 3.28 3.01 2.69 2.35 2 1.7 1.46 1.3 1.22 1.2 1.21 1.21 1.17 1.06 0.89 
Stevens St 5.27 5.25 5.07 4.73 4.25 3.67 3.03 2.38 1.79 1.29 0.9 0.62 0.41 0.36 0.32 0.28 0.25 0.22 0.24 
Clearview 
Estate 
Carine Court 3.32 3.71 4.13 4.53 4.88 5.11 5.18 5.07 4.78 4.34 3.78 3.17 2.58 2.05 1.62 1.3 1.07 0.92 0.78 
Merloo Drive 3.94 4.19 4.38 4.5 4.53 4.46 4.31 4.06 3.75 3.39 3 2.6 2.21 1.85 1.53 1.28 1.1 0.98 0.9 
Winchester Drive 3.01 2.83 2.64 2.44 2.21 1.96 1.69 1.42 1.17 0.94 0.75 0.59 0.46 0.37 0.29 0.24 0.2 0.17 0.15 
Yarrimbah Drive 2.55 2.71 2.89 3.1 3.31 3.51 3.68 3.79 3.82 3.77 3.64 3.43 3.18 2.91 2.66 2.44 2.27 2.13 2.02 
Advancetown Latimers Crossing Rd 3.71 3.67 3.59 3.44 3.17 2.76 2.25 1.7 1.18 0.76 0.44 0.22 0.08 0 0 0 0 0 0 
Nerang-
Murwillumbah Rd 
2.02 2.04 2.04 2.03 2.01 1.98 1.92 1.84 1.75 1.66 1.58 1.53 1.52 1.57 1.68 1.85 2.08 2.37 2.69 
Parkway Dr 3.75 4.05 4.27 4.37 4.31 4.07 3.66 3.14 2.58 2.05 1.61 1.3 1.13 1.09 1.12 1.18 1.22 1.19 1.09 
Tangara Rd 4.48 4.23 3.82 3.29 2.68 2.06 1.47 0.98 0.61 0.37 0.24 0.19 0.18 0.19 0.19 0.15 0.1 0.03 0 
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Table A.12 Volume fraction [%] of different size particles from the second sampling episode 
Suburbs Study Sites 666 
µm 
756 
µm 
859 
µm 
976 
µm 
1110 
µm 
1260 
µm 
1430 
µm 
1630 
µm 
1850 
µm 
2100 
µm 
2390 
µm 
2710 
µm 
3080 
µm 
Surfers 
Paradise 
Hobgen St 1.02 0.81 0.57 0.33 0.15 0.03 0 0 0 0 0 0 0 
St Paul Place 0.94 0.89 0.8 0.68 0.53 0.37 0.25 0.16 0.1 0.06 0.03 0 0 
Thornton St 0.93 0.92 0.88 0.8 0.69 0.57 0.45 0.33 0.24 0.17 0.12 0.08 0 
Via Roma Dr 0.61 0.54 0.47 0.4 0.33 0.32 0.29 0.26 0.22 0.18 0.14 0.09 0.05 
Benowa De Haviland Avenue 1.02 0.81 0.57 0.33 0.15 0.03 0 0 0 0 0 0 0 
Mediterranean Drive 0.17 0.08 0.04 0 0 0 0 0 0 0 0 0 0 
Strathaird Road 0.66 0.55 0.43 0.33 0.21 0.09 0 0 0 0 0 0 0 
Village High Road 0.67 0.53 0.39 0.3 0.25 0.23 0.2 0.17 0.14 0.11 0.08 0.05 0.03 
Nerang Hilldon Ct 0.69 0.62 0.54 0.45 0.38 0.31 0.25 0.21 0.16 0.12 0.09 0 0 
Lawrence Dr 0.46 0.42 0.46 0.49 0.55 0.6 0.62 0.6 0.54 0.46 0.36 0.25 0.13 
Patrick Rd 0.66 0.42 0.23 0.06 0 0 0 0 0 0 0 0 0 
Stevens St 0.24 0.23 0.2 0.15 0.1 0.05 0 0 0 0 0 0 0 
Clearview 
Estate 
Carine Court 0.66 0.52 0.38 0.25 0.18 0.11 0.04 0 0 0 0 0 0 
Merloo Drive 0.85 0.81 0.75 0.67 0.56 0.45 0.35 0.25 0.16 0.1 0.07 0.05 0.02 
Winchester Drive 0.13 0.11 0.1 0.08 0.07 0.05 0.04 0.03 0.02 0.01 0.01 0 0 
Yarrimbah Drive 1.91 1.78 1.63 1.45 1.25 1.03 0.9 0.74 0.59 0.5 0.39 0.27 0.14 
Advancetown Latimers Crossing Rd 0 0 0 0 0 0 0 0 0 0 0 0 0 
Nerang-Murwillumbah Rd 3.03 3.36 3.67 3.92 4.08 4.12 4.02 3.78 3.39 2.87 2.25 1.54 0.79 
Parkway Dr 0.94 0.78 0.63 0.6 0.66 0.69 0.69 0.66 0.59 0.5 0.39 0.27 0.14 
Tangara Rd 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Appendix B 
Visual Basic codes for determining build-up 
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Figure B.1 Input in Excel for calculating build-up 
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Figure B.2 Visual Basic codes for calculating build-up
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Figure B.3 Output in Excel for calculating build-up 
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Appendix C 
Input parameters for MIKE URBAN model 
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Figure C.1 Input parameters of Nodes 
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Figure C.2 Input parameters of Link 
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Figure C.3 Input parameters of pervious surface 
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Figure C.4 Input parameters of road surface 
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Figure C.5 Input parameters of roof surface 
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Appendix D 
Stormwater runoff volume from the unit catchments 
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Table D.1 Stormwater runoff volume [m
3
] from the unit catchment at Hobgen 
St 
Event Number Pervious Road Roof Unit Catchment 
1 557 330.4 348.4 1235.8 
2 0 0 0.12 0.12 
3 0 20.6 35.2 55.8 
4 0 0 7.59 7.59 
5 0 18.4 34.4 52.8 
6 0 0 6.9 6.9 
7 92 67.7 83 242.7 
8 268 157 174.2 599.2 
9 0 33.7 49.5 83.2 
10 71.6 77.4 93.7 242.7 
11 0 0 8 8.0 
12 0 15.9 30.7 46.6 
13 0 26.2 41.3 67.5 
14 0 0 1.8 1.8 
15 0 0 5.2 5.2 
16 0 0 1.5 1.5 
17 0 0 2.6 2.6 
18 0 0 0 0.0 
19 0 4.6 19.5 24.1 
20 0 0 10.9 10.9 
21 0 20.2 34.6 54.8 
22 32.3 54.9 73.3 160.5 
23 0 63.1 80.5 143.6 
24 0 0 1.1 1.1 
25 0 0 5 5.0 
26 112.3 237 255.4 604.7 
27 0 0 0 0.0 
28 0 29.1 45.3 74.4 
29 0 24.3 39.9 64.2 
30 334.1 139.8 155.4 629.3 
31 0 0 0 0.0 
32 0 19.4 34.4 53.8 
33 91.8 90.3 105.3 287.4 
34 0 0 0 0.0 
35 241.5 133.9 150.1 525.5 
36 0 8.1 24.6 32.7 
37 0 0 6.3 6.3 
38 0 0 0 0.0 
39 123 79.1 95.4 297.5 
40 0 0 0 0.0 
41 58 63.2 82.2 203.4 
42 0 46.7 62.3 109.0 
43 0 19 33.4 52.4 
44 0 0 4.2 4.2 
45 28.1 58.4 73.3 159.8 
46 0 0 11.5 11.5 
47 0 35.3 52 87.3 
48 1919.1 611.8 633.7 3164.6 
49 1631.5 418.4 440 2489.9 
50 0 8.7 27.3 36.0 
51 0 1.7 16.2 17.9 
52 0 8.6 23.2 31.8 
53 0 8.4 25.4 33.8 
54 8.4 37.4 52.4 98.2 
55 0 0 3.3 3.3 
56 235.6 125 142.4 503.0 
57 0 8.8 24.4 33.2 
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Table D.2 Stormwater runoff volume [m
3
] from the unit catchment at St Paul Pl 
Event Number Pervious Road Roof Unit Catchment 
1 198.3 174 318.5 690.8 
2 0 0 0.11 0.11 
3 0 10.8 32.2 43 
4 0 0 6.9 6.9 
5 0 9.7 31.4 41.1 
6 0 0 6.3 6.3 
7 32.8 35.7 75.9 144.4 
8 95.4 82.7 159.2 337.3 
9 0 17.7 45.3 63 
10 25.5 40.8 85.6 151.9 
11 0 0 7.3 7.3 
12 0 8.3 28.1 36.4 
13 0 13.8 37.7 51.5 
14 0 0 1.7 1.7 
15 0 0 4.7 4.7 
16 0 0 1.3 1.3 
17 0 0 2.4 2.4 
18 0 0 0 0 
19 0 2.4 17.8 20.2 
20 0 0 9.9 9.9 
21 0 10.7 31.6 42.3 
22 11.5 28.9 67 107.4 
23 0 33.2 73.6 106.8 
24 0 0 1 1 
25 0 0 4.6 4.6 
26 40 124.8 233.4 398.2 
27 0 0 0 0 
28 0 15.4 41.4 56.8 
29 0 12.8 36.5 49.3 
30 118.9 73.6 142.1 334.6 
31 0 0 0 0 
32 0 10.2 31.4 41.6 
33 32.7 47.6 96.3 176.6 
34 0 0 0 0 
35 86 70.5 137.2 293.7 
36 0 4.3 22.5 26.8 
37 0 0 5.8 5.8 
38 0 0 0 0 
39 43.8 41.6 87.3 172.7 
40 0 0 0 0 
41 20.6 33.3 75.1 129 
42 0 24.6 57 81.6 
43 0 10 30.6 40.6 
44 0 0 3.8 3.8 
45 10 30.7 67 107.7 
46 0 0 10.5 10.5 
47 0 18.6 47.5 66.1 
48 683.2 322.2 579.3 1584.7 
49 580.8 220.3 402.3 1203.4 
50 0 4.6 24.9 29.5 
51 0 0.9 14.8 15.7 
52 0 4.5 21.2 25.7 
53 0 4.4 23.2 27.6 
54 3 19.7 47.9 70.6 
55 0 0 3 3 
56 83.9 65.8 130.2 279.9 
57 0 4.6 22.3 26.9 
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Table D.3 Stormwater runoff volume [m
3
] from the unit catchment at Thornton 
St 
Event Number Pervious Road Roof Unit Catchment 
1 207.5 215.9 225.3 648.7 
2 0 0 0.1 0.1 
3 0 13.4 22.8 36.2 
4 0 0 4.9 4.9 
5 0 12 22.2 34.2 
6 0 0 4.4 4.4 
7 34.3 44.3 53.7 132.3 
8 99.9 102.6 112.7 315.2 
9 0 22 32 54 
10 26.7 50.6 60.6 137.9 
11 0 0 5.2 5.2 
12 0 10.4 19.9 30.3 
13 0 17.1 26.7 43.8 
14 0 0 1.2 1.2 
15 0 0 3.3 3.3 
16 0 0 0.9 0.9 
17 0 0 1.7 1.7 
18 0 0 0.2 0.2 
19 0 3 12.6 15.6 
20 0 0 7 7 
21 0 13.2 22.4 35.6 
22 12 35.9 47.4 95.3 
23 0 41.2 52.1 93.3 
24 0 0 0.7 0.7 
25 0 0 3.3 3.3 
26 41.8 154.8 165.2 361.8 
27 0 0 0 0 
28 0 19 29.3 48.3 
29 0 15.9 25.8 41.7 
30 124.5 91.3 100.5 316.3 
31 0 0 0 0 
32 0 12.6 22.2 34.8 
33 34.2 59 68.1 161.3 
34 0 0 0 0 
35 90 87.5 97.1 274.6 
36 0 5.3 15.9 21.2 
37 0 0 4.1 4.1 
38 0 0 0 0 
39 45.8 51.7 61.7 159.2 
40 0 0 0 0 
41 21.6 41.3 53.2 116.1 
42 0 30.5 40.3 70.8 
43 0 12.4 21.6 34 
44 0 0 2.7 2.7 
45 10.5 38.1 47.4 96 
46 0 0 7.4 7.4 
47 0 23 33.6 56.6 
48 714.9 399.7 409.9 1524.5 
49 607.8 273.3 284.6 1165.7 
50 0 6 2.9 8.9 
51 0 1.1 10.5 11.6 
52 0 5.6 15 20.6 
53 0 5.5 16.4 21.9 
54 3.1 24.5 33.9 61.5 
55 0 0 2.1 2.1 
56 87.8 81.7 92.1 261.6 
57 0 5.7 15.8 21.5 
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Table D.4 Stormwater runoff volume [m
3
] from the unit catchment at Via Roma 
Dr 
Event Number Pervious Road Roof Unit Catchment 
1 256.3 209.3 285.1 750.7 
2 0 0 0.1 0.1 
3 0 13 28.8 41.8 
4 0 0 6.2 6.2 
5 0 11.6 28.1 39.7 
6 0 0 5.6 5.6 
7 42.3 42.9 67.9 153.1 
8 123.3 99.4 142.6 365.3 
9 0 21.3 40.5 61.8 
10 33 49 76.7 158.7 
11 0 0 6.5 6.5 
12 0 10 25.1 35.1 
13 0 16.6 33.8 50.4 
14 0 0 1.5 1.5 
15 0 0 4.2 4.2 
16 0 0 1.2 1.2 
17 0 0 2.2 2.2 
18 0 0 0.2 0.2 
19 0 2.9 15.9 18.8 
20 0 0 8.9 8.9 
21 0 12.8 28.3 41.1 
22 14.9 34.8 60 109.7 
23 0 40 65.9 105.9 
24 0 0 0.9 0.9 
25 0 0 4.1 4.1 
26 51.7 150.1 209 410.8 
27 0 0 0 0 
28 0 18.5 37.1 55.6 
29 0 15.4 32.7 48.1 
30 153.8 88.5 127.2 369.5 
31 0 0 0 0 
32 0 12.3 28.1 40.4 
33 42.3 57.2 86.2 185.7 
34 0 0 0 0 
35 111.1 84.8 122.8 318.7 
36 0 5.1 20.1 25.2 
37 0 0 5.2 5.2 
38 0 0 0 0 
39 56.6 50.1 78.1 184.8 
40 0 0 0 0 
41 26.7 40 67.3 134 
42 0 29.6 51 80.6 
43 0 12 27.4 39.4 
44 0 0 3.4 3.4 
45 12.9 37 60 109.9 
46 0 0 9.4 9.4 
47 0 22.3 42.6 64.9 
48 883.1 387.5 518.6 1789.2 
49 750.8 265 360.1 1375.9 
50 0 5.5 22.3 27.8 
51 0 1.1 13.3 14.4 
52 0 5.4 19 24.4 
53 0 5.3 20.8 26.1 
54 3.9 23.7 42.9 70.5 
55 0 0 2.7 2.7 
56 108.4 79.2 116.5 304.1 
57 0 5.6 20 25.6 
 Appendices 295 
Table D.5 Stormwater runoff volume [m
3
] from the unit catchment at De 
Haviland Av 
Event Number Pervious Road Roof Unit Catchment 
1 185 170.7 353 708.7 
2 0 0 0.1 0.1 
3 0 10.6 35.7 46.3 
4 0 0 7.7 7.7 
5 0 9.5 34.8 44.3 
6 0 0 7 7 
7 30.6 35 84.1 149.7 
8 89 81.1 176.5 346.6 
9 0 17.4 50.2 67.6 
10 23.8 40 94.9 158.7 
11 0 0 8.1 8.1 
12 0 8.2 31.1 39.3 
13 0 13.6 41.8 55.4 
14 0 0 1.8 1.8 
15 0 0 5.2 5.2 
16 0 0 1.5 1.5 
17 0 0 2.7 2.7 
18 0 0 0.3 0.3 
19 0 2.4 19.7 22.1 
20 0 0 11 11 
21 0 10.5 35 45.5 
22 10.7 28.4 74.2 113.3 
23 0 32.6 81.6 114.2 
24 0 0 1.1 1.1 
25 0 0 5.1 5.1 
26 37.3 122.4 258.7 418.4 
27 0 0 0 0 
28 0 15.1 45.9 61 
29 0 12.5 40.5 53 
30 111 72.2 157.4 340.6 
31 0 0 0 0 
32 0 10 34.8 44.8 
33 30.5 46.7 106.7 183.9 
34 0 0 0 0 
35 80.2 69.2 152 301.4 
36 0 4.2 24.9 29.1 
37 0 0 6.4 6.4 
38 0 0 0 0 
39 40.9 40.9 96.7 178.5 
40 0 0 0 0 
41 19.3 32.6 83.3 135.2 
42 0 24.1 63.1 87.2 
43 0 9.8 33.9 43.7 
44 0 0 4.3 4.3 
45 9.3 30.2 74.3 113.8 
46 0 0 11.7 11.7 
47 0 18.2 52.7 70.9 
48 637.3 316.1 642 1595.4 
49 541.8 216.2 445.8 1203.8 
50 0 4.5 27.6 32.1 
51 0 0.9 16.5 17.4 
52 0 4.4 23.5 27.9 
53 0 4.3 25.8 30.1 
54 2.8 19.3 53.1 75.2 
55 0 0 3.3 3.3 
56 78.2 64.6 144.3 287.1 
57 0 4.5 24.7 29.2 
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Table D.6 Stormwater runoff volume [m
3
] from the unit catchment at 
Mediterranean Dr 
Event Number Pervious Road Roof Unit Catchment 
1 142.3 190.6 127.6 460.5 
2 0 0 0.04 0.04 
3 0 11.9 12.9 24.8 
4 0 0 2.8 2.8 
5 0 10.6 12.6 23.2 
6 0 0 2.5 2.5 
7 23.5 39.1 30.4 93 
8 68.5 90.5 63.8 222.8 
9 0 19.4 18.1 37.5 
10 18.3 44.6 34.3 97.2 
11 0 0 2.9 2.9 
12 0 9.1 11.3 20.4 
13 0 15.1 15.1 30.2 
14 0 0 0.7 0.7 
15 0 0 1.9 1.9 
16 0 0 0.5 0.5 
17 0 0 1 1 
18 0 0 0.1 0.1 
19 0 2.7 7.1 9.8 
20 0 0 4 4 
21 0 11.7 12.7 24.4 
22 8.2 31.7 26.8 66.7 
23 0 36.4 29.5 65.9 
24 0 0 0.4 0.4 
25 0 0 1.8 1.8 
26 28.7 136.6 93.5 258.8 
27 0 0 0 0 
28 0 16.8 16.6 33.4 
29 0 14 14.6 28.6 
30 85.4 80.6 56.9 222.9 
31 0 0 0 0 
32 0 11.2 12.6 23.8 
33 23.5 52.1 38.6 114.2 
34 0 0 0 0 
35 61.7 77.2 55 193.9 
36 0 4.7 9 13.7 
37 0 0 2.3 2.3 
38 0 0 0 0 
39 31.4 45.6 35 112 
40 0 0 0 0 
41 14.8 36.4 30.1 81.3 
42 0 26.9 22.8 49.7 
43 0 11 12.2 23.2 
44 0 0 1.5 1.5 
45 7.2 33.7 26.9 67.8 
46 0 0 4.2 4.2 
47 0 20.3 19.1 39.4 
48 490.3 352.8 232.1 1075.2 
49 416.9 241.3 161.2 819.4 
50 0 5 10 15 
51 0 1 5.9 6.9 
52 0 4.9 8.5 13.4 
53 0 4.8 9.3 14.1 
54 2.2 21.6 19.2 43 
55 0 0 1.2 1.2 
56 60.2 72.1 52.2 184.5 
57 0 5.1 8.9 14 
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Table D.7 Stormwater runoff volume [m
3
] from the unit catchment at 
Strathaird Rd 
Event Number Pervious Road Roof Unit Catchment 
1 226.3 408.7 903.7 1538.7 
2 0 0 0.3 0.3 
3 0 25.5 91.3 116.8 
4 0 0 19.7 19.7 
5 0 22.7 89.1 111.8 
6 0 0 17.8 17.8 
7 37.4 83.8 215.4 336.6 
8 108.9 194.2 451.9 755 
9 0 41.6 128.5 170.1 
10 29.1 95.7 243 367.8 
11 0 0 20.7 20.7 
12 0 19.6 79.7 99.3 
13 0 32.4 107.1 139.5 
14 0 0 4.7 4.7 
15 0 0 13.4 13.4 
16 0 0 3.8 3.8 
17 0 0 6.8 6.8 
18 0 0 0.7 0.7 
19 0 5.7 50.5 56.2 
20 0 0 28.2 28.2 
21 0 25 89.7 114.7 
22 13.1 67.9 190.1 271.1 
23 0 78.1 208.8 286.9 
24 0 0 2.8 2.8 
25 0 0 13 13 
26 45.6 293 662.4 1001 
27 0 0 0 0 
28 0 36 117.4 153.4 
29 0 30 103.6 133.6 
30 135.7 172.9 403.1 711.7 
31 0 0 0 0 
32 0 23.9 89.2 113.1 
33 37.3 111.7 273.3 422.3 
34 0 0 0 0 
35 98.1 165.6 389.3 653 
36 0 10 63.8 73.8 
37 0 0 16.5 16.5 
38 0 0 0 0 
39 50 97.8 247.6 395.4 
40 0 0 0 0 
41 23.5 78.1 213.2 314.8 
42 0 57.7 161.7 219.4 
43 0 23.5 86.7 110.2 
44 0 0 10.9 10.9 
45 11.4 72.2 190.1 273.7 
46 0 0 29.8 29.8 
47 0 43.6 134.9 178.5 
48 779.6 756.6 1643.7 3179.9 
49 662.8 517.4 1141.4 2321.6 
50 0 10.8 70.7 81.5 
51 0 2.1 42.1 44.2 
52 0 10.6 60.1 70.7 
53 0 10.4 65.9 76.3 
54 3.4 46.3 135.9 185.6 
55 0 0 8.4 8.4 
56 95.7 154.6 369.3 619.6 
57 0 10.9 63.2 74.1 
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Table D.8 Stormwater runoff volume [m
3
] from the unit catchment at Village 
High Rd 
Event Number Pervious Road Roof Unit Catchment 
1 187.7 196.1 323.1 706.9 
2 0 0 0.11 0.11 
3 0 12.2 32.7 44.9 
4 0 0 7 7 
5 0 10.9 31.9 42.8 
6 0 0 6.4 6.4 
7 31 40.2 77 148.2 
8 90.3 93.2 161.5 345 
9 0 20 45.9 65.9 
10 24.1 45.9 86.9 156.9 
11 0 0 7.4 7.4 
12 0 9.4 28.5 37.9 
13 0 15.6 38.3 53.9 
14 0 0 1.7 1.7 
15 0 0 4.8 4.8 
16 0 0 1.3 1.3 
17 0 0 2.4 2.4 
18 0 0 0.3 0.3 
19 0 2.7 18.1 20.8 
20 0 0 10.1 10.1 
21 0 12 32.1 44.1 
22 10.9 32.6 68 111.5 
23 0 37.5 74.7 112.2 
24 0 0 1 1 
25 0 0 4.7 4.7 
26 37.9 140.6 236.8 415.3 
27 0 0 0 0 
28 0 17.3 42 59.3 
29 0 14.4 37 51.4 
30 112.6 82.9 144.1 339.6 
31 0 0 0 0 
32 0 11.5 31.9 43.4 
33 30.9 53.6 97.7 182.2 
34 0 0 0 0 
35 81.4 79.5 139.2 300.1 
36 0 4.8 22.8 27.6 
37 0 0 5.9 5.9 
38 0 0 0 0 
39 41.5 46.9 88.5 176.9 
40 0 0 0 0 
41 19.5 37.5 76.2 133.2 
42 0 27.7 57.8 85.5 
43 0 11.3 31 42.3 
44 0 0 3.9 3.9 
45 9.5 34.6 68 112.1 
46 0 0 10.7 10.7 
47 0 20.9 48.2 69.1 
48 646.7 363 587.6 1597.3 
49 549.8 248.2 408.1 1206.1 
50 0 5.2 25.3 30.5 
51 0 1 15.1 16.1 
52 0 5.1 21.5 26.6 
53 0 5 23.6 28.6 
54 2.8 22.2 48.6 73.6 
55 0 0 3 3 
56 79.4 74.2 132 285.6 
57 0 5.2 22.6 27.8 
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Table D.9 Stormwater runoff volume [m
3
] from the unit catchment at Hilldon 
Ct 
Event Number Pervious Road Roof Unit Catchment 
1 488.3 737.5 722.6 1948.4 
2 0 0 3.3 3.3 
3 0 12.7 30.3 43 
4 0 0 2.8 2.8 
5 0 76.9 92 168.9 
6 0 0 7.9 7.9 
7 0 0 5.9 5.9 
8 0 28.2 45.2 73.4 
9 1083.5 1209.7 1173.6 3466.8 
10 0 43.6 59.6 103.2 
11 0 0 1.6 1.6 
12 0 62.6 77.9 140.5 
13 0 1 18.9 19.9 
14 10.9 67.2 82.3 160.4 
15 0 59.5 75.1 134.6 
16 0 0 10.9 10.9 
17 0 0 1.8 1.8 
18 0 0 1 1 
19 9.9 116 128.6 254.5 
20 7.1 59.8 75.3 142.2 
21 0 0 10.2 10.2 
22 0 0 2 2 
23 0 6.7 25.2 31.9 
24 0 19.2 36.5 55.7 
25 0 0 12.6 12.6 
26 0 4.2 22.6 26.8 
27 367.6 694.2 682.7 1744.5 
28 0 0 8.2 8.2 
29 0 0 15.2 15.2 
30 0 27 46.4 73.4 
31 0 47.4 63.4 110.8 
32 0 0 1.2 1.2 
33 0 0 0.3 0.3 
34 0 63.7 79.2 142.9 
35 0 0 3.9 3.9 
36 60.1 216.6 226.6 503.3 
37 0 0 11 11 
38 0 21.3 38.4 59.7 
39 0 6.8 24.7 31.5 
40 0 0.4 17.8 18.2 
41 0 40.4 57.6 98 
42 0 41.4 57.6 99 
43 9.1 61.2 78.5 148.8 
44 0 102 115.7 217.7 
45 47.2 103.9 117.6 268.7 
46 233.9 414.9 416.4 1065.2 
47 112.2 241.1 249.2 602.5 
48 0 26.6 46.5 73.1 
49 2.6 84.5 98.2 185.3 
50 0 26.3 43.5 69.8 
51 0 11.2 32.3 43.5 
52 2.4 50.4 66.7 119.5 
53 0 0 6.3 6.3 
54 75.3 177.9 187.8 441 
55 0 14.3 32.4 46.7 
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Table D.10 Stormwater runoff volume [m
3
] from the unit catchment at 
Lawrence Dr 
Event Number Pervious Road Roof Unit Catchment 
1 474.4 511.1 1636.1 2621.6 
2 0 0 7.4 7.4 
3 0 8.8 68.6 77.4 
4 0 0 6.3 6.3 
5 0 53.3 208.3 261.6 
6 0 0 18 18 
7 0 0 13.4 13.4 
8 0 19.5 102.3 121.8 
9 1052.8 838.4 2657.3 4548.5 
10 0 30.2 134.8 165 
11 0 0 3.6 3.6 
12 0 43.4 176.3 219.7 
13 0 0.7 42.8 43.5 
14 10.6 46.6 186.3 243.5 
15 0 41.2 170 211.2 
16 0 0 24.6 24.6 
17 0 0 4.1 4.1 
18 0 0 2.3 2.3 
19 9.6 80.4 291.3 381.3 
20 6.9 41.4 170.4 218.7 
21 0 0 23.1 23.1 
22 0 0 4.5 4.5 
23 0 4.6 57 61.6 
24 0 13.3 82.6 95.9 
25 0 0 28.5 28.5 
26 0 2.9 51.3 54.2 
27 357.2 481.1 1545.7 2384 
28 0 0 18.5 18.5 
29 0 0 34.4 34.4 
30 0 18.7 105.2 123.9 
31 0 32.9 143.5 176.4 
32 0 0 2.8 2.8 
33 0 0 0.6 0.6 
34 0 44.2 179.2 223.4 
35 0 0 8.8 8.8 
36 58.4 150.1 513 721.5 
37 0 0 24.9 24.9 
38 0 14.8 86.9 101.7 
39 0 4.7 55.9 60.6 
40 0 0.2 40.4 40.6 
41 0 28 130.4 158.4 
42 0 28.7 130.4 159.1 
43 8.9 42.4 177.8 229.1 
44 0 70.7 261.9 332.6 
45 45.9 72 266.3 384.2 
46 227.3 287.5 942.7 1457.5 
47 109 167.1 564.3 840.4 
48 0 18.4 105.3 123.7 
49 2.5 58.6 222.4 283.5 
50 0 18.2 98.6 116.8 
51 0 7.8 73.1 80.9 
52 2.3 34.9 151.1 188.3 
53 0 0 14.2 14.2 
54 73.1 123.3 425.2 621.6 
55 0 9.9 73.3 83.2 
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Table D.11 Stormwater runoff volume [m
3
] from the unit catchment at Patrick 
Rd 
Event Number Pervious Road Roof Unit Catchment 
1 351 478.3 275.2 1104.5 
2 0 0 1.2 1.2 
3 0 8.2 11.5 19.7 
4 0 0 1.1 1.1 
5 0 49.9 35 84.9 
6 0 0 3 3 
7 0 0 2.3 2.3 
8 0 18.3 17.2 35.5 
9 779 784.5 446.9 2010.4 
10 0 28.3 22.7 51 
11 0 0 0.6 0.6 
12 0 40.6 29.7 70.3 
13 0 0.6 7.2 7.8 
14 7.9 43.6 31.3 82.8 
15 0 38.6 28.6 67.2 
16 0 0 4.1 4.1 
17 0 0 0.7 0.7 
18 0 0 0.4 0.4 
19 7.1 75.3 49 131.4 
20 5.1 38.8 28.7 72.6 
21 0 0 3.9 3.9 
22 0 0 0.8 0.8 
23 0 4.3 9.6 13.9 
24 0 12.5 13.9 26.4 
25 0 0 4.8 4.8 
26 0 2.7 8.6 11.3 
27 264.3 450.2 260 974.5 
28 0 0 3.1 3.1 
29 0 0 5.8 5.8 
30 0 17.5 17.7 35.2 
31 0 30.8 24.1 54.9 
32 0 0 0.5 0.5 
33 0 0 0.1 0.1 
34 0 41.3 30.1 71.4 
35 0 0 1.5 1.5 
36 43.2 140.5 86.3 270 
37 0 0 4.2 4.2 
38 0 13.8 14.6 28.4 
39 0 4.4 9.4 13.8 
40 0 0.2 6.8 7 
41 0 26.2 21.9 48.1 
42 0 26.9 21.9 48.8 
43 6.6 39.7 29.9 76.2 
44 0 66.2 44.1 110.3 
45 33.9 67.4 44.8 146.1 
46 168.2 269 158.6 595.8 
47 80.7 156.4 94.9 332 
48 0 17.3 17.7 35 
49 1.9 54.8 37.4 94.1 
50 0 17 16.6 33.6 
51 0 7.3 12.3 19.6 
52 1.7 32.7 25.4 59.8 
53 0 0 2.4 2.4 
54 54.1 115.3 71.5 240.9 
55 0 9.3 12.3 21.6 
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Table D.12 Stormwater runoff volume [m
3
] from the unit catchment at Stevens 
St 
Event Number Pervious Road Roof Unit Catchment 
1 575.5 576.8 844.2 1996.5 
2 0 0 3.8 3.8 
3 0 9.9 35.4 45.3 
4 0 0 3.2 3.2 
5 0 60.2 107.5 167.7 
6 0 0 9.3 9.3 
7 0 0 6.9 6.9 
8 0 22.1 52.8 74.9 
9 1277 946.2 1371.2 3594.4 
10 0 34.1 69.6 103.7 
11 0 0 1.8 1.8 
12 0 49 91 140 
13 0 0.8 22.1 22.9 
14 12.9 52.6 96.1 161.6 
15 0 46.5 87.7 134.2 
16 0 0 12.7 12.7 
17 0 0 2.1 2.1 
18 0 0 1.2 1.2 
19 11.7 90.8 150.3 252.8 
20 8.4 46.8 87.9 143.1 
21 0 0 11.9 11.9 
22 0 0 2.3 2.3 
23 0 5.2 29.4 34.6 
24 0 15 42.6 57.6 
25 0 0 14.7 14.7 
26 0 3.3 26.4 29.7 
27 433.3 543 797.6 1773.9 
28 0 0 9.6 9.6 
29 0 0 17.8 17.8 
30 0 21.1 54.3 75.4 
31 0 37.1 74 111.1 
32 0 0 1.4 1.4 
33 0 0 0.3 0.3 
34 0 49.8 92.5 142.3 
35 0 0 4.6 4.6 
36 70.9 169.4 264.7 505 
37 0 0 12.8 12.8 
38 0 16.6 44.8 61.4 
39 0 5.3 28.9 34.2 
40 0 0.3 20.8 21.1 
41 0 31.6 67.3 98.9 
42 0 32.4 67.3 99.7 
43 10.7 47.9 91.7 150.3 
44 0 79.8 135.2 215 
45 55.6 81.3 137.4 274.3 
46 275.7 324.5 486.5 1086.7 
47 132.2 188.6 291.2 612 
48 0 20.8 54.4 75.2 
49 3.1 66.1 114.8 184 
50 0 20.5 50.9 71.4 
51 0 8.8 37.7 46.5 
52 2.8 39.4 78 120.2 
53 0 0 7.3 7.3 
54 88.7 139.1 219.4 447.2 
55 0 11.2 37.8 49 
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Table D.13 Stormwater runoff volume [m
3
] from the unit catchment at Carine 
Ct 
Event Number Pervious Road Roof Unit Catchment 
1 450 206.3 374.4 1030.7 
2 0 0 1.7 1.7 
3 0 3.6 15.7 19.3 
4 0 0 1.4 1.4 
5 0 21.5 47.7 69.2 
6 0 0 4.1 4.1 
7 0 0 3.1 3.1 
8 0 7.9 23.4 31.3 
9 998.5 338.3 608.1 1944.9 
10 0 12.2 30.9 43.1 
11 0 0 0.8 0.8 
12 0 17.5 40.3 57.8 
13 0 0.3 9.8 10.1 
14 10.1 18.8 42.6 71.5 
15 0 16.6 38.9 55.5 
16 0 0 5.6 5.6 
17 0 0 0.9 0.9 
18 0 0 0.5 0.5 
19 9.1 32.5 66.7 108.3 
20 6.6 16.7 39 62.3 
21 0 0 5.3 5.3 
22 0 0 1 1 
23 0 1.9 13.1 15 
24 0 5.4 18.9 24.3 
25 0 0 6.5 6.5 
26 0 1.2 11.7 12.9 
27 338.8 194.2 353.7 886.7 
28 0 0 4.2 4.2 
29 0 0 7.9 7.9 
30 0 7.5 24.1 31.6 
31 0 13.3 32.8 46.1 
32 0 0 0.6 0.6 
33 0 0 0.1 0.1 
34 0 17.8 41 58.8 
35 0 0 2 2 
36 55.4 60.6 117.4 233.4 
37 0 0 5.7 5.7 
38 0 6 19.9 25.9 
39 0 1.9 12.8 14.7 
40 0 0.1 9.2 9.3 
41 0 11.3 29.8 41.1 
42 0 11.6 29.8 41.4 
43 8.4 17.1 40.7 66.2 
44 0 28.5 59.9 88.4 
45 43.5 29.1 60.9 133.5 
46 215.5 116 215.7 547.2 
47 103.4 67.4 129.1 299.9 
48 0 7.4 24.1 31.5 
49 2.4 23.6 50.9 76.9 
50 0 7.3 22.6 29.9 
51 0 3.1 16.7 19.8 
52 2.2 14.1 34.6 50.9 
53 0 0 3.3 3.3 
54 69.4 49.7 97.3 216.4 
55 0 4 16.8 20.8 
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Table D.14 Stormwater runoff volume [m
3
] from the unit catchment at Merloo 
Dr 
Event Number Pervious Road Roof Unit Catchment 
1 631.9 261 419.3 1312.2 
2 0 0 1.9 1.9 
3 0 4.5 17.6 22.1 
4 0 0 1.6 1.6 
5 0 27.2 53.4 80.6 
6 0 0 4.6 4.6 
7 0 0 3.4 3.4 
8 0 10 26.2 36.2 
9 1402.1 428.2 681.1 2511.4 
10 0 15.4 34.6 50 
11 0 0 0.9 0.9 
12 0 22.2 45.2 67.4 
13 0 0.4 11 11.4 
14 14.1 23.8 47.7 85.6 
15 0 21 43.6 64.6 
16 0 0 6.3 6.3 
17 0 0 1.1 1.1 
18 0 0 0.6 0.6 
19 12.8 41.1 74.7 128.6 
20 9.2 21.2 43.7 74.1 
21 0 0 5.9 5.9 
22 0 0 1.2 1.2 
23 0 2.4 14.6 17 
24 0 6.8 21.2 28 
25 0 0 7.3 7.3 
26 0 1.5 13.1 14.6 
27 475.7 245.7 396.2 1117.6 
28 0 0 4.8 4.8 
29 0 0 8.8 8.8 
30 0 9.5 26.9 36.4 
31 0 16.8 36.8 53.6 
32 0 0 0.7 0.7 
33 0 0 0.2 0.2 
34 0 22.5 45.9 68.4 
35 0 0 2.3 2.3 
36 77.8 76.7 131.5 286 
37 0 0 6.4 6.4 
38 0 7.5 22.3 29.8 
39 0 2.4 14.3 16.7 
40 0 0.1 10.4 10.5 
41 0 14.3 33.4 47.7 
42 0 14.7 33.4 48.1 
43 11.8 21.7 45.6 79.1 
44 0 36.1 67.1 103.2 
45 61.1 36.8 68.3 166.2 
46 302.7 146.8 241.6 691.1 
47 145.2 85.4 144.6 375.2 
48 0 9.4 27 36.4 
49 3.4 29.9 57 90.3 
50 0 9.3 25.3 34.6 
51 0 4 18.7 22.7 
52 3.1 17.8 38.7 59.6 
53 0 0 3.7 3.7 
54 97.4 63 109 269.4 
55 0 5.1 18.8 23.9 
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Table D.15 Stormwater runoff volume [m
3
] from the unit catchment at 
Winchester Dr 
Event Number Pervious Road Roof Unit Catchment 
1 625.5 151.5 157.2 934.2 
2 0 0 0.7 0.7 
3 0 2.6 6.6 9.2 
4 0 0 0.6 0.6 
5 0 15.8 20 35.8 
6 0 0 1.7 1.7 
7 0 0 1.3 1.3 
8 0 5.8 9.8 15.6 
9 1388 248.5 255.4 1891.9 
10 0 9 13 22 
11 0 0 0.3 0.3 
12 0 12.9 16.9 29.8 
13 0 0.2 4.1 4.3 
14 14 13.8 17.9 45.7 
15 0 12.2 16.3 28.5 
16 0 0 2.4 2.4 
17 0 0 0.4 0.4 
18 0 0 0.2 0.2 
19 12.7 23.8 28 64.5 
20 9.1 12.3 16.4 37.8 
21 0 0 2.2 2.2 
22 0 0 0.4 0.4 
23 0 1.4 5.5 6.9 
24 0 4 7.9 11.9 
25 0 0 2.7 2.7 
26 0 0.9 4.9 5.8 
27 470.9 142.6 148.6 762.1 
28 0 0 1.8 1.8 
29 0 0 3.3 3.3 
30 0 5.5 10.1 15.6 
31 0 9.7 13.8 23.5 
32 0 0 0.3 0.3 
33 0 0 0.1 0.1 
34 0 13.1 17.2 30.3 
35 0 0 0.8 0.8 
36 77 44.5 49.3 170.8 
37 0 0 2.4 2.4 
38 0 4.4 8.4 12.8 
39 0 1.4 5.4 6.8 
40 0 0.1 3.9 4 
41 0 8.3 12.5 20.8 
42 0 8.5 12.5 21 
43 11.7 12.6 17.1 41.4 
44 0 21 25.2 46.2 
45 60.5 21.4 25.6 107.5 
46 299.6 85.2 90.6 475.4 
47 143.7 49.5 54.2 247.4 
48 0 5.5 10.1 15.6 
49 3.3 17.4 21.4 42.1 
50 0 5.4 9.5 14.9 
51 0 2.3 7 9.3 
52 3 10.4 14.5 27.9 
53 0 0 1.4 1.4 
54 96.4 36.5 40.9 173.8 
55 0 2.9 7 9.9 
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Table D.16 Stormwater runoff volume [m
3
] from the unit catchment at 
Yarrimbah Dr 
Event Number Pervious Road Roof Unit Catchment 
1 678.7 299.4 383.7 1361.8 
2 0 0 1.7 1.7 
3 0 5.2 16.1 21.3 
4 0 0 1.5 1.5 
5 0 31.2 48.9 80.1 
6 0 0 4.2 4.2 
7 0 0 3.1 3.1 
8 0 11.4 24 35.4 
9 1506 491.1 623.3 2620.4 
10 0 17.7 31.6 49.3 
11 0 0 0.8 0.8 
12 0 25.4 41.3 66.7 
13 0 0.4 10 10.4 
14 15.2 27.3 43.7 86.2 
15 0 24.1 39.9 64 
16 0 0 5.8 5.8 
17 0 0 1 1 
18 0 0 0.5 0.5 
19 13.8 47.1 68.3 129.2 
20 9.9 24.3 40 74.2 
21 0 0 5.4 5.4 
22 0 0 1.1 1.1 
23 0 2.7 13.4 16.1 
24 0 7.8 19.4 27.2 
25 0 0 6.7 6.7 
26 0 1.7 12 13.7 
27 510.9 281.8 362.6 1155.3 
28 0 0 4.3 4.3 
29 0 0 8.1 8.1 
30 0 11 24.7 35.7 
31 0 19.2 33.7 52.9 
32 0 0 0.6 0.6 
33 0 0 0.1 0.1 
34 0 25.9 42 67.9 
35 0 0 2.1 2.1 
36 83.6 87.9 120.3 291.8 
37 0 0 5.8 5.8 
38 0 8.6 20.4 29 
39 0 2.8 13.1 15.9 
40 0 0.1 9.5 9.6 
41 0 16.4 30.6 47 
42 0 16.8 30.6 47.4 
43 12.7 24.9 41.7 79.3 
44 0 41.4 61.4 102.8 
45 65.6 42.2 62.5 170.3 
46 325.1 168.4 221.1 714.6 
47 156 97.9 132.4 386.3 
48 0 10.8 24.7 35.5 
49 3.6 34.3 52.2 90.1 
50 0 10.7 23.1 33.8 
51 0 4.6 17.2 21.8 
52 3.3 20.5 35.4 59.2 
53 0 0 3.3 3.3 
54 104.6 72.2 99.7 276.5 
55 0 5.8 17.2 23 
 Appendices 307 
Table D.17 Stormwater runoff volume [m
3
] from the unit catchment at 
Latimers Crossing Rd 
Event Number Pervious Road Roof Unit Catchment 
1 948.9 197.1 - 1146 
2 0 0 - 0 
3 0 3.4 - 3.4 
4 0 0 - 0 
5 0 20.6 - 20.6 
6 0 0 - 0 
7 0 0 - 0 
8 0 7.5 - 7.5 
9 2105.6 323.4 - 2429 
10 0 11.7 - 11.7 
11 0 0 - 0 
12 0 16.7 - 16.7 
13 0 0.3 - 0.3 
14 21.2 18 - 39.2 
15 0 15.9 - 15.9 
16 0 0 - 0 
17 0 0 - 0 
18 0 0 - 0 
19 19.3 31 - 50.3 
20 13.8 16 - 29.8 
21 0 0 - 0 
22 0 0 - 0 
23 0 1.8 - 1.8 
24 0 5.1 - 5.1 
25 0 0 - 0 
26 0 1.1 - 1.1 
27 714.3 185.6 - 899.9 
28 0 0 - 0 
29 0 0 - 0 
30 0 7.2 - 7.2 
31 0 12.7 - 12.7 
32 0 0 - 0 
33 0 0 - 0 
34 0 17 - 17 
35 0 0 - 0 
36 116.8 57.9 - 174.7 
37 0 0 - 0 
38 0 5.7 - 5.7 
39 0 1.8 - 1.8 
40 0 0.1 - 0.1 
41 0 10.8 - 10.8 
42 0 11.1 - 11.1 
43 17.7 16.4 - 34.1 
44 0 27.3 - 27.3 
45 91.7 27.8 - 119.5 
46 454.5 110.9 - 565.4 
47 218 64.5 - 282.5 
48 0 7.1 - 7.1 
49 5 22.6 - 27.6 
50 0 7 - 7 
51 0 3 - 3 
52 4.6 13.5 - 18.1 
53 0 0 - 0 
54 146.3 47.5 - 193.8 
55 0 3.8 - 3.8 
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Table D.18 Stormwater runoff volume [m
3
] from the unit catchment at Nerang-
Murwillumbah Rd 
Event Number Pervious Road Roof Unit Catchment 
1 943.5 206.3 - 1149.8 
2 0 0 - 0 
3 0 3.6 - 3.6 
4 0 0 - 0 
5 0 21.5 - 21.5 
6 0 0 - 0 
7 0 0 - 0 
8 0 7.9 - 7.9 
9 2093.8 338.3 - 2432.1 
10 0 12.2 - 12.2 
11 0 0 - 0 
12 0 17.5 - 17.5 
13 0 0.3 - 0.3 
14 21.1 18.8 - 39.9 
15 0 16.6 - 16.6 
16 0 0 - 0 
17 0 0 - 0 
18 0 0 - 0 
19 19.2 32.5 - 51.7 
20 13.7 16.7 - 30.4 
21 0 0 - 0 
22 0 0 - 0 
23 0 1.9 - 1.9 
24 0 5.4 - 5.4 
25 0 0 - 0 
26 0 1.2 - 1.2 
27 710.3 194.2 - 904.5 
28 0 0 - 0 
29 0 0 - 0 
30 0 7.5 - 7.5 
31 0 13.3 - 13.3 
32 0 0 - 0 
33 0 0 - 0 
34 0 17.8 - 17.8 
35 0 0 - 0 
36 116.2 60.6 - 176.8 
37 0 0 - 0 
38 0 6 - 6 
39 0 1.9 - 1.9 
40 0 0.1 - 0.1 
41 0 11.3 - 11.3 
42 0 11.6 - 11.6 
43 17.6 17.1 - 34.7 
44 0 28.5 - 28.5 
45 91.2 29.1 - 120.3 
46 452 116 - 568 
47 216.8 67.4 - 284.2 
48 0 7.4 - 7.4 
49 5 23.6 - 28.6 
50 0 7.3 - 7.3 
51 0 3.1 - 3.1 
52 4.6 14.1 - 18.7 
53 0 0 - 0 
54 145.4 49.7 - 195.1 
55 0 4 - 4 
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Table D.19 Stormwater runoff volume [m
3
] from the unit catchment at Parkway 
Dr 
Event Number Pervious Road Roof Unit Catchment 
1 1002 105.9 - 1107.9 
2 0 0 - 0 
3 0 1.8 - 1.8 
4 0 0 - 0 
5 0 11 - 11 
6 0 0 - 0 
7 0 0 - 0 
8 0 4 - 4 
9 2223.6 173.7 - 2397.3 
10 0 6.3 - 6.3 
11 0 0 - 0 
12 0 9 - 9 
13 0 0.1 - 0.1 
14 22.4 9.7 - 32.1 
15 0 8.5 - 8.5 
16 0 0 - 0 
17 0 0 - 0 
18 0 0 - 0 
19 20.4 16.7 - 37.1 
20 14.6 8.6 - 23.2 
21 0 0 - 0 
22 0 0 - 0 
23 0 1 - 1 
24 0 2.8 - 2.8 
25 0 0 - 0 
26 0 0.6 - 0.6 
27 754.4 99.7 - 854.1 
28 0 0 - 0 
29 0 0 - 0 
30 0 3.9 - 3.9 
31 0 6.8 - 6.8 
32 0 0 - 0 
33 0 0 - 0 
34 0 9.1 - 9.1 
35 0 0 - 0 
36 123.4 31.1 - 154.5 
37 0 0 - 0 
38 0 3.1 - 3.1 
39 0 1 - 1 
40 0 0.1 - 0.1 
41 0 5.8 - 5.8 
42 0 5.9 - 5.9 
43 18.7 8.8 - 27.5 
44 0 14.6 - 14.6 
45 96.9 14.9 - 111.8 
46 480 59.6 - 539.6 
47 230.3 34.6 - 264.9 
48 0 3.8 - 3.8 
49 5.3 12.1 - 17.4 
50 0 3.8 - 3.8 
51 0 1.6 - 1.6 
52 4.9 7.2 - 12.1 
53 0 0 - 0 
54 154.5 25.5 - 180 
55 0 2 - 2 
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Table D.20 Stormwater runoff volume [m
3
] from the unit catchment at Tangara 
Rd 
Event Number Pervious Road Roof Unit Catchment 
1 944.6 204.4 - 1149 
2 0 0 - 0 
3 0 3.5 - 3.5 
4 0 0 - 0 
5 0 21.3 - 21.3 
6 0 0 - 0 
7 0 0 - 0 
8 0 7.8 - 7.8 
9 2096.1 335.4 - 2431.5 
10 0 12.1 - 12.1 
11 0 0 - 0 
12 0 17.4 - 17.4 
13 0 0.3 - 0.3 
14 21.2 18.6 - 39.8 
15 0 16.5 - 16.5 
16 0 0 - 0 
17 0 0 - 0 
18 0 0 - 0 
19 19.2 32.2 - 51.4 
20 13.8 16.6 - 30.4 
21 0 0 - 0 
22 0 0 - 0 
23 0 1.8 - 1.8 
24 0 5.3 - 5.3 
25 0 0 - 0 
26 0 1.2 - 1.2 
27 711.1 192.5 - 903.6 
28 0 0 - 0 
29 0 0 - 0 
30 0 7.5 - 7.5 
31 0 13.1 - 13.1 
32 0 0 - 0 
33 0 0 - 0 
34 0 17.7 - 17.7 
35 0 0 - 0 
36 116.3 60 - 176.3 
37 0 0 - 0 
38 0 5.9 - 5.9 
39 0 1.9 - 1.9 
40 0 0.1 - 0.1 
41 0 11.2 - 11.2 
42 0 11.5 - 11.5 
43 17.6 17 - 34.6 
44 0 28.3 - 28.3 
45 91.3 28.8 - 120.1 
46 452.5 115 - 567.5 
47 217.1 66.9 - 284 
48 0 7.4 - 7.4 
49 5 23.4 - 28.4 
50 0 7.3 - 7.3 
51 0 3.1 - 3.1 
52 4.6 14 - 18.6 
53 0 0 - 0 
54 145.6 49.3 - 194.9 
55 0 4 - 4 
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Appendix E 
R codes for estimating pollutant concentration in 
stormwater 
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Figure E.1 An example of the R codes for estimating concentration of Al on solids <150µm in stormwater 
 
